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For the benefit of our patients, 

and as a basis for many happy children and families. 



Dedication 



Since the inauguration of in vitro fertilization (IVF) by means of 
embryo transfer, we have met Professores Georgeana and Howard 
Jones, pioneers in this field, at different medical conferences and 
private invitations around the world: Norfolk, San Francisco, Mel- 
bourne, Budapest, Maastrich, etc. and they always accepted us as 
their friends. In honor of the outstanding contributions made by 
Georgeanna and Howard Jones to the fields of gynecological en- 
docrinology, reproductive medicine, and assisted reproduction, of 
their outstanding scientific and clinical work, and - not least of all - 
of their personalities, we are proud to dedicate this Manual of As- 
sisted Reproduction to them. 




Professors Georgeanna and Howard Jones 
The Jones Institute, Norfolk, Virginia, USA 
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Dedication 



Howard Wilbur Jones, Jr., born in Baltimore on December 30, 
1910, graduated from the Johns Hopkins University School of 
Medicine in 1935 and became a House Officer in Gynecology and 
later completed a residency training in general surgery at Church 
Home and Hospital in Baltimore. 

In 1940 he married Dr. Georgeanna Seegar, with whom he had 
previously coauthored some papers; since then literature has been 
enriched by textbooks, articles, and editorial comments written by 
Jones and Jones. The Jones team is surely one of the most out- 
standing couples in the history of medicine. They are dedicated to 
each other as well as to their patients, highly appreciated by their 
fellows and colleagues and by all the people who had the luck to be 
trained under them. 

After World War II, Howard Jones elected to complete his training 
in gynecology. In 1947 he was appointed a Resident Gynecologist at 
the Johns Hopkins Hospital. His dual gynecologic and surgical 
training gave him a unique opportunity to explore new operative 
techniques in the areas of infertility and intersexuality. He became 
professor in 1967, is a member of numerous medical societies, and 
has received many honors. Howard Jones is a gentleman and a 
scholar, a great teacher, a prolific writer, and a superb clinician. 

Dr. TeLinde, chairman of the Department of Gynecology, once 
honored his resident by saying “You are the greatest combination of 
a researcher and practitioner that I know, and that is a rare com- 
bination.” 

Georgeanna Emory Seegar, born July 6, 1912, graduated one year 
later than Howard from the Johns Hopkins University School of 
Medicine, where she was appointed House Officer in Gynecology. 
She started doing research at the National Cancer Institute, where 
she undertook laboratory research in endocrinology. In 1939 she was 
appointed the gynecologist-in-charge of the Gynecologic Endocrine 
Clinic at Hopkins, a position she held until her retirement in 1978. 
Dr. Georgeanna, as she was called by her friends, became the first 
full-time gynecologic endocrinologist in a medical school faculty in 
the United States. 

Georgeanna combined the finest qualities of an excellent re- 
searcher and a dedicated clinician. One of her most famous ob- 
servations was the definite proof that the pregnancy hormone was 
derived from the placenta, and it was Georgeanna Jones who named 
it chorionic gonadotropin, a name that has been maintained in lit- 
erature ever since. In 1970, Georgeanna became the first woman 
president of the American Fertility Society. In addition to her aca- 
demic excellence and very busy clinical practice, she was a superb 
teacher, an excellent clinician, an outstanding investigator, and a 
beloved mother of three children. 

After retirement from Johns Hopkins in 1978, the Jones joined the 
faculty of the Eastern Virginia Medical School in Norfolk as Pro- 
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fessors of Obstetrics and Gynecology. In spite of their original plan 
to slow down and enjoy a slower pace, they were induced by ser- 
endipity and opportunity to develop the Norfolk IVF program, the 
first successful clinic in the USA, which has won the admiration and 
respect of scientists around the world. 



Heidelberg and Liibeck, June 1996 



Thomas Rabe 
Klaus Diedrich 
Benno Runnebaum 



Preface 



Our knowledge of reproductive medicine has expanded rapidly since 
the birth of Louise Brown, the first baby to be conceived by in vitro 
fertilization, which was performed by Professors Steptoe and Ed- 
wards in Bourn Hall, England, in 1978. Hardly a year goes by without 
the development of a new or the modification of an existing method 
of assisted reproduction. 

Within a relatively short period, in vitro fertilization has been 
introduced into the treatment of female infertility. Intracytoplasmic 
sperm injection has also created new opportunities for the treatment 
of male infertility. 

This manual takes stock of the techniques of assisted reproduc- 
tion that are available today. 

Competent authors from various centers present, in a concise way, 
their tried-and-tested procedures, so that the latter can be readily 
implemented. 

Due to different legal regulations, the scope of assisted re- 
production is much more limited in Germany than in many other 
countries. For example, whereas only three embryos may be con- 
ceived and transferred in Germany, such restrictions do not exist in 
several other European countries and the United States. Further- 
more, heterologous fertilization, oocyte donation, and surrogate 
motherhood are banned in Germany. 

We are glad to have been able to recruit many international ex- 
perts to present the various fields of assisted reproduction from their 
perspective. We hope this book will help to establish the different 
therapies and achieve a wide distribution. 

We would like to dedicate this manual to Professors Howard and 
Georgeanna Jones, who along with Professors Steptoe and Edwards 
are pioneers in assisted reproduction and to whom we feel com- 
mitted in friendship and gratitude. 



Heidelberg and Liibeck, June 1996 



Thomas Rabe 
Klaus Diedrich 
Benno Runnebaum 
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Part I 



Reproductive Physiology 



Sperm Maturation and Oocyte Interaction 

RJ. Aitken 



Introduction 

Testicular spermatozoa are not fully differentiated cells and must undergo a 
process of biochemical maturation before they gain the capacity to fertilize the 
ovum. The fact that viable human pregnancies can be generated following the 
direct injection of testicular spermatozoa, and even spermatids, into the oo- 
plasm, indicates that this maturation process does not involve any genomic 
change [1]. The haploid genetic material carried in the sperm head must be 
fully imprinted and competent to orchestrate normal embryonic development 
by the beginning of spermiogenesis. Similarly, the sperm centriole that in the 
human, if not the mouse, is needed to organize cell division in the zygote, must 
be fully differentiated and functional by the spermatid stage of spermatogen- 
esis [2]. Thus the maturation that testicular spermatozoa must undergo before 
they can acquire the capacity to fertilize the ovum must only involve those 
attributes of sperm biology needed to deliver the sperm nucleus and centriole 
into the cytoplasm of the oocyte. 

In order to achieve fertilization, the spermatozoon must first ascend the 
female reproductive tract and locate the oocyte. A complex cascade of changes 
then ensues involving the tight binding of the spermatozoon to the surface of 
the ovum, the induction of the acrosome reaction, penetration of the zona 
pellucida, and ultimately fusion with the vitelline membrane of the oocyte. The 
biochemical basis of these changes is now being elucidated and, in the wake of 
this knowledge, a deeper understanding gained of the mechanisms responsible 
for failed fertilization, both in vivo and in vitro. The clinical implications of 
this research can be found in the development of rational diagnostic strategies 
for selecting between the various therapeutic options available for the treat- 
ment of the infertile couple. Moreover, a knowledge of the mechanisms re- 
sponsible for failed fertilization in vitro may contribute to the development of 
modified in vitro fertilization protocols that would be more efficient than those 
used in current practice. By such means a technique that was originally pio- 
neered by Steptoe and Edwards as a treatment for bilateral tubal occlusion 
could be optimized for the treatment of those infertility cases where defects in 
the male partner have been implicated in the failure to conceive. The purpose 
of this chapter is to consider the various attributes of sperm biology that are 
essential for fertilization and to examine how these properties are acquired, 
with particular emphasis on the role of the epididymis in the generation of a 
functionally competent spermatozoon. 



4 



RJ. Aitken 



Biology of Sperm Maturation 

Motility 

One of the most important properties that spermatozoa are known to acquire 
as they migrate through the epididymis is the capacity for movement. In an- 
imal models with highly differentiated epididymes the acquisition of motility 
occurs at a sharply defined area of this organ comprising the distal corpus in 
the rat and proximal cauda in the hamster. In such species spermatozoa from 
the caput epididymis are completely or virtually immotile [3]. In the human 
the situation is less clearcut. An analysis of fertile men undergoing vasectomy 
indicated that immature spermatozoa from the caput epididymis were im- 
motile or exhibit nonprogressive twitching movements in a modified Tyrode’s 
medium. In contrast, more than 60% of the spermatozoa recovered from the 
cauda epididymis exhibited progressive motility with straight line velocities 
exceeding 25 pm/s [4]. An increase in the percentage of progressively motile 
spermatozoa during epididymal transit is a common feature of all studies 
conducted on the functional competence of spermatozoa at different stages of 
maturation [4, 5]. However, differences exist between studies in the level of 
motility attained by spermatozoa in the caput epididymis [4-6]. It is clear that 
in patients exhibiting congenital absence of the vas deferens motility is present 
in spermatozoa aspirated from the caput epididymis, and ironically the 
greatest motility appears to be exhibited by spermatozoa recovered from the 
most proximal regions of the epididymis [6]. Notwithstanding the possibility 
that epididymal physiology may be profoundly altered in patients exhibiting 
congenital absence of the vas, these results would seem to imply that there are 
few obligatory contributions that the epididymis makes to the attainment of 
motility by human spermatozoa. Although the epididymis appears to increase 
the efficiency with which spermatozoa achieve the potential for movement, it is 
also evident that some spermatozoa can spontaneously initiate progressive 
motility without the need for specific factors generated by the epididymal 
epithelia [7]. In order to understand how the epididymis does contribute to the 
efficient expression of motility, the ontogeny of the cellular mechanisms 
controlling flagellar activity during sperm maturation (protein phosphoryla- 
tion, cAMP, calcium, pH, and redox status) need to be elucidated. 



Zona Binding 

Another attribute of sperm function that is thought to be acquired during 
epididymal transit is the capacity of these cells to bind to the surface of the 
zona pellucida. This is an extremely important recognition event that initiates a 
cascade of interactions with the oocyte culminating in fertilization. Although 
mature spermatozoa from the cauda epididymis do bind to the zona pellucida 
in greater numbers than those recovered from the caput in all species ex- 
amined including the primate [8], the interpretation of such data is compli- 
cated by two factors. First of all the binding of spermatozoa to the zona surface 
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is highly correlated with motility and, as discussed above, motility is an in- 
dependent biological function acquired by spermatozoa during epididymal 
passage. Thus, it is extremely difficult to dissect out the failure of caput epi- 
didymal spermatozoa to bind to the zona pellucida from their lack of move- 
ment. 

Such an analysis might be possible if the biochemical basis of sperm-zona 
interaction were clearly understood, but unfortunately this is not the case. The 
only apparent certainty is that the target molecule on the surface of the zona 
pellucida is the zona glycoprotein, ZP3. The data to support this assertion 
derive largely from studies conducted in the mouse [9] although recombinant 
human ZP3 has been also been shown to induce the acrosome reaction in 
homologous spermatozoa [10]. However, ZP3 may not be the only zona gly- 
coprotein involved in the primary binding of spermatozoa to the oocyte be- 
cause in the pig the sperm receptor is a biochemical entity known as ZP3a, 
which is now known to be the molecular homologue of the murine structural 
glycoprotein, ZPl [11, 12]. 

The nature of the complementary receptor(s) on the sperm surface is even 
less clear. Evidence has been presented recently suggesting that the human 
zona receptor is a 95-kDa tyrosine kinase receptor which, when aggregated by 
ZP3, induces an autophosphorylation event that leads to the initiation of a 
signal transduction cascade culminating in the acrosome reaction [13]. The 
aggregation-dependent mechanism of action typically exploited by tyrosine 
kinase receptors is in keeping with existing data on the nature of sperm-zona 
interaction. It is known, for example, that proteolytically generated fragments 
of this molecule do not induce the acrosome reaction in murine spermatozoa, 
in contrast to intact ZP3 [14]. However, if anti-zona IgG is added to the in- 
cubation mixture to cross-link the zona fragments on the sperm surface, then 
the spermatozoa are activated and the acrosome reaction is induced. If uni- 
valent Fab fragments of this antibody are used, acrosome reactions can only be 
induced following the addition of a secondary IgG antibody directed against 
Fab [14]. Thus ZP3 glycopeptides can induce the acrosome reaction in murine 
spermatozoa, but only after they have been cross-Unked. 

While this necessity for multiple associations with ZP3 is in keeping with the 
involvement of tyrosine kinases in the control of human sperm function there 
are other aspects of this association that are not typical of this class of receptor. 
In particular there is considerable evidence to suggest that spermatozoa re- 
cognize a particular class of 0-linked oligosaccharides on ZP3, not the poly- 
peptide core of this molecule [9]. This contrasts with classical tyrosine kinase 
receptors that generally target proteinaceous ligands. It is possible that sperm- 
zona interaction is a multicomponent process involving a preliminary re- 
cognition event mediated by the carbohydrate side chains of ZP3 followed by a 
more intimate contact with the polypeptide core of this molecule mediated by a 
tyrosine kinase type of receptor [15]. Sperm surface molecules that might be 
involved in the primary recognition event include sp56, a lectin-like protein 
located on the sperm plasma membrane that recognizes terminal galactose 
residues on the 0-linked oligosaccharide side chains of ZP3 and is a member of 
a superfamily of “Sushi” receptors [16]. Unfortunately, no homologue for this 
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molecule appears to exist on the surface of human spermatozoa. In contrast to 
the galactose residues recognized by sp56, another candidate ZP3 receptor is a 
membrane-bound (31, 4-galactosyl transferase that targets N-acetyl D-gluco- 
samine residues on the ZP3 0-linked oligosaccharides [17]. In addition to these 
candidate ZP3 receptors in the mouse, a series of small molecular weight sperm 
“adhesins” have been implicated in sperm-zona interaction in the pig [18]. The 
latter are not integral membrane proteins and appear to be transferred to the 
surface of the spermatozoa as these cells pass through the rete testes [19]. The 
site of origin of the other candidate ZP receptors is unknown with the ex- 
ception of sp56 which is an intrinsic component of the male germ cell which is 
expressed at the round spermatid stage of mouse spermatogenesis [16]. Bio- 
logically, it is known that if caput epididymal spermatozoa are carefully washed 
then some adhesion to the zona pellucida can be demonstrated [20]. Thus the 
available evidence suggests that spermatozoa in the proximal epididymis have 
already acquired the surface components needed to effect sperm-binding to the 
zona surface. Such a conclusion would also be in keeping with the clinical data 
indicating that IVF can be performed successfully with spermatozoa aspirated 
from the vasa efferentia and caput epididymis, without the need for epididymal 
transit. Although epididymal maturation certainly enhances sperm-zona in- 
teraction [21], it is probable that such effects are mediated by general changes 
in the biophysical properties of the plasma membrane and the capacity for 
movement, rather than the specific acquisition of a zona-binding protein. 



The Acrosome Reaction 

Since caput epididymal spermatozoa can be induced to bind to the zona pel- 
lucida by washing them free of epididymal plasma [20], it would be of interest 
to determine whether similar treatment could also induce such immature 
spermatozoa to acrosome react. Recent studies indicate that the addition of 
heat solubilized zona glycoproteins to spermatozoa isolated from the caput 
epididymis could not induce the acrosome reaction in unwashed cells even if 
they were incubated under capacitating conditions [22]. Under these circum- 
stances only the ionophore A23187 can induce the acrosome reaction [23]. 
However, if such caput epididymal spermatozoa are washed before being ca- 
pacitated, then physiological stimuli such as solubilized zonae pellucidae can 
induce the acrosome reaction [22]. These results suggest that the caput epi- 
didymis elaborates one or more factors that not only suppress the ability of 
spermatozoa to bind to the zona pellucida but also prevent the induction of the 
acrosome reaction. The nature of the suppressive factors have not yet been 
determined although proteinase inhibitors have been implicated [22]. What- 
ever the nature of the inhibitory factors present in the caput epididymis, these 
results clearly indicate that spermatozoa entering the epididymis already 
possess an intrinsic capacity to bind to the zona pellucida and respond to this 
recognition event by undergoing the acrosome reaction. In other words such 
apparently “immature” spermatozoa possess the complete assembly of re- 
ceptor activation, signal transduction, and second messenger generation sys- 
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terns needed to effect the acrosome reaction in response to ZP3. Again, such 
results are in keeping with the ability of spermatozoa from the vasa efferentia 
or caput epididymes of patients exhibiting occlusion of the vas deferens to 
achieve fertilization in vitro [6]. Thus the epididymis does not appear to be a 
site where the cellular mechanisms necessary for fertilization are assembled; 
rather, it is the site where these systems are inhibited in preparation for sperm 
storage in the cauda. 



Sperm-Oocyte Fusion 

Whether spermatozoa from the caput epididymis that have been induced to 
acrosome react can also generate a fusogenic equatorial segment capable of 
initiating fusion with the vitelline membrane of the oocyte is not known. One 
of the key sperm surface molecules involved in fusion with the oocyte is PH30 
or fertilin [24]. This molecule was first identified in guinea pig spermatozoa 
and is known to consist of a heterodimeric peptide comprising ot- and (3- 
subunits, both of which are type 1 integral membrane proteins. Fertilin p 
appears to be responsible for effecting the initial binding of the spermatozoon 
to the surface of the oocyte through an integrin recognition event. The latter 
involves a disintegrin domain on fertilin- P interacting with integrins on the 
oocyte surface, since short peptides mapping to the disintegrin region block 
sperm-oocyte interaction in vitro [25]. Fertilin-a may also be an integrin ligand 
but, in addition, is predicted to possess zinc-dependent metalloprotease ac- 
tivity and to promote membrane fusion through the mediation of a domain 
possessing a viral fusion motif [24]. Recent studies suggest that fertilin a and P 
are members of a large family of similar proteins that contain disintegrin and 
metalloprotease domains and an additional five sequence-similar proteins have 
been cloned from guinea pig and mouse testes [25]. The fact that the messenger 
RNA for these molecules exists in the testis indicates that spermatozoa entering 
the testis already possess their complement of fertilin(s). Although these mo- 
lecules appear to undergo some processing during epididymal maturation, it is 
not known whether such processing is an obligatory requirement for fertili- 
zation. The fertilins must clearly undergo some terminal processing at the 
moment of the acrosome reaction because it is only after this event has oc- 
curred that the spermatozoon gains its capacity to recognize and fuse with the 
vitelline membrane of the oocyte. Such terminal processing of the fertilin 
molecule may involve proteases released from the acrosomal vesicle at the time 
of the acrosome reaction. What is not known at this stage is whether the 
induction of the acrosome reaction in immature caput epididymal spermato- 
zoa would effect the necessary processing of fertilin such that acrosome reacted 
caput spermatozoa could initiate sperm-oocyte fusion. However, the fact that 
human spermatozoa from the vasa efferentia are competent to fertilize 
homologous oocytes in vitro suggests that either post-testicular processing of 
fertilin before the induction of the acrosome reaction is not needed to generate 
a fusogenic spermatozoon or is an inherent property of these cells that does not 
need to be promoted by specific epididymal factors. 
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Conclusion 

Thus the fact that viable pregnancies have been established following in vitro 
fertilization with spermatozoa from the caput epididymis or vasa efferentia 
suggests that all elements of sperm maturation are intrinsic to the spermato- 
zoa, including those involving the expression of hyperactivated motility, the 
binding of spermatozoa to the zona surface, the induction of the acrosome 
reaction and the generation of a fusogenic equatorial segment [6]. Further- 
more, the documentation of pregnancies to male patients who had undergone 
surgical anastimoses of the vas deferens to the vasa efferentia suggests that 
spermatozoa that have not undergone epididymal transit are functionally 
competent in vivo as well as in vitro. 

While it could be argued on the basis of such evidence that the epididymis 
does not make an obligatory contribution to the maturation of human sper- 
matozoa. The efficiency of the maturation process is clearly enhanced by 
epididymal transit via mechanisms involving general changes in the phos- 
pholipid composition of the plasma membrane [26] and the progressive cross- 
linking of thiols in the sperm nucleus and possibly the tail [27]. In addition, as 
spermatozoa pass into the cauda epididymis, they undergo further changes 
that are not designed to promote their capacity for fertilization as much as to 
provide for their long term storage (Fig. 1). The latter involves poorly char- 
acterized changes in the spermatozoa including membrane stabilization [27]. 
The secretion of important antioxidant enzymes in the epididymis, such as 
superoxide dismutase or glutathione peroxidase [28, 29], are further expres- 
sions of the evolution of this structure as a storage organ designed to preserve 
spermatozoa in a stable state, without undergoing peroxidative damage. 

The specialization of the epididymis as a storage organ may have necessi- 
tated the parallel evolution of mechanisms whereby the stabilization that 
spermatozoa undergo for storage, can be reversed in order to prepare these 
cells for the membrane fusion events associated with fertilization (Fig. 1). This 
reversal of a stabilized state conferred during epididymal storage may be one of 
the major purposes served by capacitation [27]. Components of this destabi- 
lization process involve the loss of (glyco)proteins from the sperm surface and 
the removal of membrane cholesterol using albumin as an acceptor molecule. 
The ease with which spermatozoa can be capacitated will clearly depend upon 
the degree to which they have been stabilized for the purpose of epididymal 
storage. In the case of human spermatozoa the storage function of the epidi- 
dymis does not seem to be highly developed, possibly because of the continuity 
of reproductive activity in man. As a consequence, ejaculated human sper- 
matozoa are not in a highly stabilized state and can be relatively easily capa- 
citated. An important feature of capacitation is that it is not a synchronized 
process, and there is some heterogeneity between the individual members of an 
ejaculated sperm population in the rate at which this process proceeds. This is 
presumably a reflection of the differences between spermatozoa in the extent to 
which they have been stabilized for storage during epididymal transit. A small 
proportion of spermatozoa that have completed their journey through the 
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Fertilization 



Sensitization to calcium 



Ejaculation 
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fertilization 



Efferent ducts 
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Corpus 
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Preparation 
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Fig. 1. One of the most important functions of the epididymis is to prepare the sper- 
matozoa for storage in the cauda. Several key aspects of sperm function, such as zona 
recognition and the competence to undergo the acrosome reaction, are already estab- 
lished in spermatozoa entering the epididymis. Acquisition of the potential for move- 
ment is achieved as the spermatozoa move through the epididymis although whether 
this change is an intrinsic property of the spermatozoa or conferred by specific con- 
stituents in the microenvironment generated by the epididymis is not certain. The 
stabilization of the spermatozoa for storage may have necessitated the parallel evolution 
of capacitation as a mechanism to destabilize these cells in preparation for the mem- 
brane fusion events associated with fertilization 

epididymis without becoming highly stabilized are ready to fertilize the oocyte 
immediately after removal of the seminal plasma. 

In the absence of a functional epididymis, as in cases exhibiting agenesis of 
the vas, a few spermatozoa may be able to complete their maturation spon- 
taneously. However, in the absence of a cauda epididymis these cells neither 
become stabilized for storage nor benefit from the protective functions af- 
forded by the epididymal secretions, particularly in the context of oxidant 
damage. Two corollaries of these considerations are: (a) that in the absence of a 
cauda epididymis the spermatozoa quickly deteriorate, explaining why sperm 
quality appears to be reduced in spermatozoa recovered from the most distal 
regions of the epididymis in patients exhibiting agenesis of the vas, and (b) that 
those cells that are viable require a minimal degree of capacitation before they 
are competent to fertilize the ovum. Both of these predictions are borne out by 
the clinical experience of treating patients exhibiting vas occlusion and have 
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clear implications for the treatment of patients exhibiting epididymal dys- 
function and the potential of this organ as a site for contraceptive attack. 
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Introduction 



As might be expected, the teleological underpinning of ovarian function draws 
on the fundamental need to preserve the species. Accordingly, the very ex- 
istence of the ovary, and for that matter the very existence of the reproductive 
axis as a whole, is designed to subserve a single central objective, i.e., the 
generation of a mature fertilizable ovum. In this respect the ovary clearly need 
not be viewed as playing a secondary role in reproductive biology. Rather, it 
may be viewed as the “master gland,” the very function of which is facilitated 
by the contribution of the various other components of the hypothalamic- 
pituitary-ovarian axis. This view differs of course from the more traditional 
outlook ascribing the role of a “master gland” to the pituitary the workings of 
which are highly dependent on hypothalamic principles. However, current 
information would suggest that the ovary may in fact play an active rather than 
passive role in the initiation and maintenance of reproductive cyclicity, the 
hypothalamus and pituitary being viewed as playing a permissive tonic role in 
this connection. Indeed, it is the changing tide of ovarian signals that appears 
to determine to a large extent the nature of the activities of the hypothalamic- 
pituitary unit. It is for these reasons that the ovary has often been likened to a 
pelvic clock (“zeitgeber”) dictating in more ways than one the comings and 
goings of the reproductive process. Stated differently, consideration might be 
given to the argument that the ovary does in effect possess a “mind” of its own 
as attested to by a multitude of putative intraovarian regulators the very action 
of which is highly reminiscent of events previously viewed as the domain of the 
central nervous system. 



Follicular Growth and Development: Recruitment, Selection, and Dominance 

The term recruitment has been used to indicate that a follicle has entered the 
so-called growth trajectory, i.e., the process wherein the follicle departs from 
the resting pool to begin a well-characterized pattern of growth and develop- 
ment. It is recognized that growing follicles are vulnerable to atresia and thus 
may depart the trajectory at any point. Consequently, recruitment, while ob- 
ligatory, does not guarantee ovulation. Stated differently, recruitment is a 
necessary but not a sufficient condition for ovulation to occur. 
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The term selection implies the final winnowing of the maturing follicular 
cohort (by atresia) down to a size equal to the species-characteristic ovulatory 
quota. Accordingly, selection is complete when the number of healthy follicles 
(i.e., with ovulatory potential) in the cohort equals the size of the ovulatory 
quota. As with recruitment, selection does not guarantee ovulation. However, 
given its greater temporal proximity to ovulation, selection may with high 
probability be expected to be followed by ovulation in a typical cycle. 

It appears noteworthy that during the late luteal phase the largest healthy 
follicle cannot as yet be viewed as the one selected since smaller follicles may 
harbor granulosa cells with a mitotic index greater than that of the presumptive 
leading follicle. Consequently, the apparent growth delay of nonleading follicles 
could well be compensated for in a matter of days, the final selection occurring 
in the early part of the subsequent follicular phase. However, even in the early 
follicular phase no morphological differences exist between the selected follicle 
and other healthy members of the cohort. The above notwithstanding, the 
leading follicle can be distinguished from other members of the cohort by its 
sheer size and the high mitotic index of its granulosa cells. Moreover, only the 
leading follicle can at this point in time boast detectable levels of (follicle- 
stimulating hormone) FSH in its follicular fluid. This same follicle also displays 
significant follicular levels of estradiol. Indeed, it is generally agreed that the 
capacity to aromatize androgens efficiently is an important determinant of the 
chosen follicle. Most importantly, the follicle destined to ovulate displays a 
granulosa cell mitotic index that is high enough to ensure that smaller, albeit 
healthy follicles are unlikely to “catch up.” 

The term dominance refers to the status of the follicle destined to ovulate 
given its presumed key role in regulating the size of the ovulatory quota. The 
selected follicle becomes dominant about a week before ovulation. Conse- 
quently, it must maintain its dominance during the week prior to ovulation. 
Stated differently, the follicle selected for ovulation is functionally (not merely 
morphologically) dominant in that it is presumed to inhibit the development of 
other competing follicles on both ovaries. Inevitably, and for reasons not en- 
tirely clear, the dominant follicle (i.e., the sole follicle destined to ovulate) 
continues to thrive under circumstances which it itself has made inhospitable 
for others [1-3]. 

The preceding and related concepts were formulated in large measure in the 
course of the seminal work of Hodgen et al. [4, 5]. There is little doubt but that 
this body of work profoundly affected the thinking of ovarian physiologists 
grappling with the difficult issues of ovarian cyclicity. Critical to these series of 
experiments were those by Goodman and Hodgen in which it was observed 
that cauterization of the largest visible follicle (days 8-12) delayed the expected 
time of the next preovulatory surge of pituitary gonadotropins [6] (Fig. 1). In 
contrast, luteectomy during the midluteal phase (days 16-19) advanced the 
expected time of the next preovulatory gonadotropin surge [7] (Fig. 2). Similar 
observations were made in women in whom the interval from ablation of the 
dominant follicle or corpus luteum to the next ovulation proved to be a fort- 
night [8]. As such, these findings are consistent with the possibility that the 
ovary itself may in fact play a “zeitgeber” (German for “time giver”) role 



14 



E.Y. Adashi 



269+2 ,03 



8Bt0.5 days 12.4t0,9 days 14 51183 days 



^ Maro«s ^ 



T 





^ 400 
E 

^ 200 - 
iD 
O 

h-" 
t/) 



I Estradiol 
. £strone 






1 * ^ J 0 ** *fi ^ 4 2 0 *6 *S *l[)*l?*14 



O 

Et 

LU 

h- 

yf> 



a 

o 




Fig. 1. Hormonal patterns before and after cautery of the largest visible follicle in rhesus 
monkeys. (Reproduced with permission from [4]) 



during the menstrual cycle, and that this time-keeping function is subserved by 
the activities of the cyclic structures of the dominant ovary. The 28 -day 
menstrual cycle is thus the result of the intrinsic lifespan of the cyclic ovarian 
dominant structures and not the result of timed changes dictated by the brain 
or pituitary. The dominant follicle thus determines the length of the follicular 
phase, the corpus luteum determining the length of the luteal phase. Similar 
conclusions might be extended to humans. 
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Fig. 2. Hormonal patterns before and after luteectomy in rhesus monkeys. (Reproduced 
with permission from [4]) 



The preceding finding also suggested that the selection of the follicle des- 
tined to ovulate had already occurred by the time of cautery (i.e., by day 8 of 
the cycle). Indeed, it would appear that no other member of the follicular 
cohort was competent to serve as a surrogate for the cauterized follicle to 
achieve a timely, midcycle ovulation. Thus it could be suggested that the 
dominant follicle itself plays a key role in regulating the size of the ovulatory 
quota by inhibiting the development of any competing follicles in either ovary. 
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A similar function is subserved by the corpus luteum. Thus, the ovulatory 
follicle, once it is selected by midfollicular phase, and the corpus luteum are 
truly dominant ovarian structures. Accordingly, the next round of follicular 
growth occurs only after the interference by the cyclic structure is removed 
either artificially by experimental intervention or naturally after the demise of 
the corpus luteum. Further insight was gained from studies in which proges- 
terone-replaced luteectomized primates were evaluated, revealing progesterone 
to be the principal luteal hormone responsible for the inhibition of luteal 
follicular growth. It is critical to note that circulating gonadotropin levels were 
apparently maintained after follicular or luteal ablation, and that follicle re- 
cruitment occurred without an attendant increment in circulating gonado- 
tropins. Thus the inhibition of follicular growth by the cyclic structures of the 
ovary was not due to a decrement in the circulating levels of gonadotropins. 
Rather, it appeared to be due to local intraovarian influences. The above 
notwithstanding, careful reevaluation of these issues may well be warranted in 
that careful examination of the data suggests at least a slight albeit transitory 
increase in the circulating levels of FSH following ablation. 

Further insight was derived from experiments revealing that the follicle 
destined to ovulate attains dominance 5-7 days after the demise of the corpus 
luteum. This conclusion was based on the observation that the levels of es- 
tradiol in ovarian venous serum were significantly different between ovaries as 
early as days 5-7 of the cycle. This divergence in estrogen secretion between 
ovaries provides the earliest hormonal index attesting to the emergence of the 
dominant follicle. 

Follicles with a diameter of less than 8 mm show a relatively low in- 
trafollicular estrogen/androgen ratio. However, from the midfollicular phase 
onwards this ratio is reversed. With its increased capacity to aromatize an- 
drostenedione, the “chosen” follicle is able to synthesize estradiol in sufficient 
quantities resulting in appreciable passage of this hormone into the general 
circulation, thereby demonstrating (as early as days 5-7 of the cycle) the 
asymmetry of ovarian function [9]. In the late follicular phase the in- 
trafollicular concentrations of estradiol are maximal at a time when the cir- 
culating estradiol levels surge to a peak. With the ovulatory LH surge the 
intrafollicular concentrations of estradiol decrease along with parallel decre- 
ments in the intrafollicular concentrations of androstenedione. Concurrently, 
distinct progressive increments have been noted for the intrafollicular content 
of both progesterone and 17a-hydroxyprogesterone, reflecting early granulosa 
cell luteinization [10]. 

Antral fluid concentrations of estrone, estradiol, androstenedione, testos- 
terone, and progesterone have been measured in specimens collected from 
ovarian follicles of women undergoing surgery [11-14]. Results of such studies 
have been reasonably consistent, data from one laboratory having been 
adapted for graphic display in Fig. 3. Despite large differences the mean antral 
concentrations of steroid hormones tended to vary with the time in the cycle 
and with the size of the follicle. Throughout the cycle antral fluid levels of 
androgens and estrogens have varied independently, with higher ratios of 
androgens to estrogens in smaller than in larger follicles. The concentrations of 
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Fig. 3. Steroidal content of follicular fluid recovered from larger (clear bars) and smaller 
(hatched bars) antral follicles sampled at the indicated time during the menstrual cycle. 
(Adapted from [16]) 



progesterone were found to be elevated in large follicles sampled late in the 
follicular phase. Thus, higher antral concentrations of estrogens and proges- 
togens and lower concentrations of androgens constitute a characteristic 
steroid hormone profile of preovulatory follicles [15]. In contrast, hormone 
profiles of smaller follicles sampled late in the follicular phase have been 
characterized by higher concentrations of androgens and lower concentrations 
of estrogens and progesterone. Although the data do not establish whether 
antral fiuid steroid hormone profiles determine the ovulatory follicle, they do 
establish that the profiles of individual follicles are distinctive. In other words, 
mechanisms exist for regulating the antral fluid steroid hormone milieu in 
individual human ovarian follicles. 

Since steroid hormone secretion depends on gonadotropic stimulation, the 
antral fluid levels of gonadotropin were also evaluated [16]. One study that 
determined antral fluid FSH, luteinizing hormone (LH), and prolactin noted 
evidence of differences related to follicle size and cycle time. LH was detected 
in the antral fluid of only 16% of smaller follicles but was detected in 70% of 
larger follicles around midcycle. FSH levels were measurable in antral fluid 
from both small and large follicles. However, in relation to prevailing serum 
FSH levels, antral FSH concentrations tended to be higher in larger follicles. It 
was also observed that estradiol levels were higher in antral fluids marked by 
measurable levels of FSH. Thus, antral fluid levels of FSH and estradiol are 
positively correlated. Moreover, incubation with FSH induces aromatase ac- 
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tivity in granulosa cells recovered from follicles with low antral fluid estradiol 
levels, usually follicles less than 8-10 mm in diameter. It was therefore pos- 
tulated that the presence or absence of measurable FSH was responsible for 
differences observed in antral fluid androgen-estrogen ratios. Taken together, 
these data are consistent with the concept that hormone concentrations are 
regulated in the microenvironment of individual follicles. Moreover, a func- 
tional role was imparted to the hormonal composition of the microenviron- 
ment when it was shown to affect progesterone synthesis by isolated granulosa 
cells in vitro. Thus, granulosa cells exposed to antral fluid containing FSH, LH, 
and estradiol in vivo secreted more progesterone than did cells isolated from 
follicles devoid of and thus unexposed to these hormones [17]. 

Ovulation 

As midcycle approaches, there is a dramatic rise in estrogen followed by an LH 
surge and, to a lesser extent, an FSH surge which trigger the dominant follicle 
to ovulate. For reasons not well understood, but possibly because of unique 
microenvironmental circumstances, one (rarely, more than one) follicle ovu- 
lates and gives rise to a corpus luteum during each menstrual cycle. In the 
human, both LH and hCG have been shown to stimulate rupture of mature 
follicles. However, in hypophysectomized rats highly purified FSH can serve as 
the “ovulatory hormone” after follicular maturation has been stimulated by the 
administration of FSH and LH. Interestingly, inhibitors of prostaglandin 
synthesis (introduced systemically or locally into the antrum) have been shown 
to inhibit ovulation in rats and rabbits. Since LH has been shown to stimulate 
prostaglandin biosynthesis by ovarian follicles [18-26], increased pros- 
taglandin synthesis might mediate the ovulatory stimulus of LH. 

Mechanically, ovulation consists of rapid follicular enlargement followed by 
protrusion of the follicle from the surface of the ovarian cortex. Ultimately, 
rupture of the follicle results in the extrusion of an oocyte-cumulus complex. In 
the human ovary this sequence may well begin 5-6 days prior to the onset of 
the preovulatory LH surge. However, it is the latter event that marks the end of 
the follicular phase of the cycle and precedes actual rupture by as much as 
36 h. Fortuitous endoscopic visualization of the ovary around the time of 
ovulation reveals that elevation of a conical “stigma” on the surface of the 
protruding follicle precedes rupture [27] (Fig. 4). Rupture of this stigma is 
accompanied by gentle, rather than explosive, expulsion of the oocyte and 
antral fluid, suggesting that the latter is not under high pressure [28, 29]. 
Indeed, direct measurements have demonstrated that intrafollicular pressure is 
low in preovulatory follicles [30]. 

Several hypotheses have been advanced to account for the rapid increase in 
size and rupture of the follicle. For one, consideration was given to changes in 
the composition of the antral fluid during the period of rapid preovulatory 
follicular enlargement. In addition to changes in the steroid hormone content, 
an increase in colloid osmotic pressure has been noted. Although the granulosa 
cell derived proteoglycans undoubtedly play a critical role in regulating the 
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Fig. 4. Ovulation of the cumu- 
lus-oocyte complex through the 
stigma. (Reproduced with per- 
mission from [38]) 




colloid osmotic pressure, little concrete information is in fact available as to the 
nature of their involvement [31-34]. Thus, a cause-effect relationship between 
the altered composition of antral fluid and the enlargement and rupture of the 
follicle remains to be established. Alternatively, stigma formation and rupture 
may reflect the effects of hydrolytic enzymes acting locally on protein sub- 
strates in the basal lamina [35, 36]. In keeping with this notion, instillation of 
protease inhibitors into the antral fluid inhibits ovulation. One such proteolytic 
enzyme, plasminogen activator, has been localized in increasing concentra- 
tions in the walls of rat ovarian follicle just prior to ovulation [37]. Plasmi- 
nogen activator, a serine protease, stimulates the conversion of plasminogen (a 
follicular fluid constituent) to the proteolytically active enzyme plasmin. The 
latter is known to activate collagenase, presumptively an obligatory element in 
the dissolution of the basal membrane and the perifollicular stroma in the 
course of ovulation. It is thus generally presumed that plasminogen activator- 
mediated conversion of plasminogen to plasmin may contribute to the pro- 
teolytic digestion of the follicular wall a prerequisite of follicular rupture. 
Consideration is also being given to the possibility that plasminogen activator 
may be involved in gap junction disruption and thereby in the delicate com- 
munication between the oocyte and the surrounding cumulus cells. Although 
the ultimate physiological significance of plasminogen activator remains a 
matter of study, there is little doubt as to the ability of somatic ovarian cells to 
produce this protease in measurable amounts in a manner subject to tight 
hormonal regulation. The FSH-dependent production of plasminogen activa- 
tors by granulosa cells is particularly well documented. 



20 



E.Y. Adashi 



References 

1. DiZerega GS, Marrs RP, Roche PL, Campeau JD, Kling DR (1983) Identification of 
protein(s) in pooled human follicular fluid which suppress follicular response to 
gonadotropins. J Clin Endocrinol Metab 56: 35 

2. DiZerega GS, Goebelsmann U, Nakamura RM (1982) Identification of protein(s) 
secreted by the preovulatory ovary which suppresses the follicle response to gona- 
dotropins. J Clin Endocrinol Metab 54: 1091 

3. DiZerega GS, Hodgen GD (1980) The primate ovarian cycle: suppression of human 
menopausal gonadotropin-induced follicular growth in presence of the dominant 
follicle. J Clin Endocrinol Metab 50: 819 

4. Goodman AL, Hodgen GD (1983) The ovarian triad of the primate menstrual cycle. 
Recent Prog Horm Res 89: 1 

5. Hodgen GD (1982) The dominant ovarian follicle. Fertil Steril 38: 281 

6. Goodman AL, Hodgen GD (1979) Between ovary interaction in the regulation of 
follicle growth, corpus luteum function, and gonadotropin in the primate ovarian 
cycle. II. Effects of luteectomy and hemiovariectomy during the luteal phase in 
cynomolgus monkeys. Endocrinology 104: 1310 

7. Goodman AL, Hodgen GD (1979) Between ovary interaction in the regulation of 
follicle growth, corpus luteum function, and gonadotropin secretion in the primate 
ovarian cycle. I. Effects of follicle cautery and hemiovariectomy during the follicular 
phase in cynomolgus monkeys. Endocrinology 104: 1304 

8. Nilsson L, Wikland M, Hamberger L (1982) Recruitment of an ovulatory follicle in 
the human following follicle- ectomy and luteectomy. Fertil Steril 37: 30 

9. DiZerega GS, Marut CK, Turner, Hodgen GD (1980) Asymmetrical ovarian function 
during recruitment and selection of the dominant follicle in the menstrual cycle of 
the rhesus monkey. J Clin Endocrinol Metab 51: 698 

10. Brailly S, Gougeon A, Milgram E, Bomsel-Helmreich O, Paiernik E (1981) Androgens 
and progestins in the human ovarian follicle: differences in the evolution of pre- 
ovulatory, healthy nonovulatory, and atretic follicles. J Clin Endocrinol Metab 53: 
128 

11. McNatty KP (1981) Hormonal correlates of follicular development in the human 
ovary. Aust J Biol Sci 34: 249 

12. McNatty KP, Baird DT, Bolton A, Chambers P, Corker CS, McLean H (1976) Con- 
centration of oestrogens and androgens in human ovarian venous plasma and fol- 
licular fluid throughout the menstrual cycle. J Endocrinol 71: 77 

13. McNatty KP (1978) Cyclic changes in antral fluid hormone concentrations in hu- 
mans. Clin Endocrinol Metab 7: 577 

14. McNatty KP, Moore-Smith D, Makris A, Osathanondh R, Ryan KJ (1979) The mi- 
croenvironment of the human antral follicle: interrelationships among the steroid 
levels in antral fluids, the population of granulosa cells, and the status of the oocyte 
in vivo and in vitro. J Clin Endocrinol Metab 49: 851 

15. Sanyal MK, Berger MJ, Thompson IE, Taymor ML, Horne HW (1974) Development 
of graafian follicles in adult human ovary. I. Correlation of estrogen and proges- 
terone concentration in antral fluid with growth of follicles. J Clin Endocrinol Metab 
38: 828 

16. McNatty KP, Hunter WM, McNeilley AS, Sawers PS (1975) Changes in the con- 
centration of pituitary and steroid hormones in the follicular fluid of human graafian 
follicles throughout ihe menstrual cycle. J Endocrinol 64: 555 

17. McNatty KP, Sawers RS (1975) Relationship between the endocrine environment 
within graafian follicle and the subsequent rate of progesterone secretion by human 
granulosa cells in vitro. J Endocrinol 66: 391 

18. Bauminger S, Lindner HR (1975) Periovulatory changes in ovarian prostaglandin 
formation and their hormonal control in the rat. Prostaglandins 9: 737 

19. Armstrong DT (1975) Role of prostaglandins in follicular responses to luteinizing 
hormone. Ann Biol Anim Biochim Biophys 15: 181 



Menstrual Cycle: Follicular Maturation 



21 



20. Armstrong DT, Grinwich DL (1972) Blockage of spontaneous and LH-induced 
ovulation in rats by indomethacin, an inhibitor of prostaglandin synthesis. Pros- 
taglandins 1: 21 

21. Armstrong DT, Zamecnik J (1975) Pre-ovulatory elevation of rat ovarian pros- 
taglandin F, and its blockade by indomethacin. Mol Cell Endocrinol 2: 125 

22. Armstrong D, Grinwich D, Moon Y, Zamecnik J (1974) Inhibition of ovulation in 
rabbits by intrafollicular injection of indomethacin and prostaglandin F antiserum. 
Life Sci 14: 129 

23. Erickson GF, Challis JRG, Ryan KJ (1977) Production of prostaglandin F by rabbit 
granulosa cells and thecal tissue. J Reprod Fertil 49: 133 

24. Marsh JM, Yang NST, LeMaire WJ (1974) Prostaglandin synthesis in rabbit graafian 
follicles in vitro. Effect of luteinizing hormone and cyclic AMP. Protaglandins 7: 269 

25. Triebwasser WF, Clark MR, LeMaire WJ, Marsh JM (1978) Localization and in vitro 
synthesis of prostaglandins in components of rabbit preovulatory graafian follicles. 
Prostaglandins 16: 621 

26. Tsafriri A, Lindner HR, Zor U, Lamprecht SA (1972) Physiological role of pros- 
taglandins in the induction of ovulation. Prostaglandins 2: 1 

27. Doyle JB (1951) Exploratory culdotomy for observation of tubo-ovarian physiology 
at ovulation time. Fertil Steril 2: 475 

28. Espey LL, Lipner H (1963) Measurements of intrafollicular pressures in the rabbit 
ovary. Am J Physiol 205: 1067 

29. Blandau R, Rumery R (1963) Measurements of intrafollicular pressure in ovulatory 
and preovulatory follicles in the rat. Fertil Steril 14: 330 

30. Blandau RJ (1969) Anatomy of ovulation. Clin Obstet Gynecol 10: 347 

31. Gebauer H, Lindner HR, Amsterdam A (1978) Synthesis of heparin-like glycosa- 
minoglycans in rat ovarian slices. Biol Reprod 18: 350 

32. Beilin ME, Lenz RW, Steadman LE, Ax RL (1983) Proteoglycan production by bovine 
granulosa cells in vitro occurs in response to FSH. Mol Cell Endocrinol 29: 51 

33. Ax RL, Ryan RJ (1979) The porcine ovarian follicle. IV. Mucopolysaccharides at 
different stages of development. Biol Reprod 20: 1123 

34. Ax RL, Ryan RJ (1979) FSH stimulation of ^H-glucosamine-incorporation into 
proteoglycans by porcine granulosa cells in vitro. J Clin Endocrinol Metab 49: 696 

35. Espey LL (1974) Ovarian proteolytic enzymes and ovulation. Biol Reprod 10: 216 

36. Bjersing L, Cajander S (1974) Ovulation and the mechanism of follicle rupture. IV: 
Ultrastructure of membrana granulosa of rabbit graafian follicles prior to induced 
ovulation. Cell Tissue Res 153: 1 

37. Beers WH, Strickland S, Reich E (1975) Ovarian plasminogen activator: relationship 
to ovulation and hormonal regulation. Cell 6: 387 

38. Erickson GF (1986) An analysis of follicle development and ovum maturation. Semin 
Reprod Endocrinol 4: 233 



Physiology of the Menstrual Cycle 

K. Grunwald, T. Rabe, and B. Runnebaum 



Introduction 

This chapter deals with the regulation of the menstrual cycle with a focus on 
endocrine control mechanisms. The morphological changes during the cycle 
are described in the chapter “Menstrual Cycle: Follicular Maturation” (Adashi, 
this volume). The regulatory processes are presented with a view to possible 
therapeutic consequences, which are described after the sections on the hy- 
pothalamus, the pituitary, and the ovaries. 

The Darwinian principle states that individuals best adapted to their en- 
vironment survive and with them the species to which the individuals belong. 
Since an adequate number of individuals must survive to ensure the pre- 
servation of a species (especially since evolution progresses through the sur- 
vival of randomly better adapted individuals), one can appreciate the central 
importance of the reproductive system. 

Since species with a flawed reproductive system cannot survive, the species 
alive today can be assumed to have a reproductive system that is optimum for 
their particular circumstances. All regulatory systems in reproductive biology 
can act via multiple pathways, so that when one system is lost, another can 
usually take over its functions. Human beings, currently at the apex of the 
evolutionary process, show many ontogenic traces of the phylogenic steps 
involved in the development of the human reproductive system. This pertains 
both to organ systems and to regulatory mechanisms. 

Findings in laboratory animals do not necessarily apply to human beings. 
Regulatory systems that are of major importance in animals may be demon- 
strable in humans, but they may make little if any significant contribution to 
human functioning. The pineal gland, for example, evolved from the lateral 
parietal eye of reptiles to an organ that still utilizes light stimuli to modify 
reproductive processes. In humans, however, the pineal gland appears to 
perform no essential reproductive functions. 

The three major organs that regulate human reproduction are the hy- 
pothalamus, the pituitary, and the ovary. It is believed that the pulse-generator 
function of the hypothalamus plays a central role in directing the ovulatory 
cycle. The pulsatile secretion of GnRH into the hypophyseal portal circulation 
is essential for sustaining the metabolic processes that periodically culminate 
in ovulation (Fig. 1). At the same time, a normal menstrual cycle would be 
impossible without the peripheral signals from ovarian steroids and other 
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Fig. 1. Cyclic changes in the blood levels of sex hormones and their biological effects. 
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substances as well as input from higher and lower brain centers. The regulation 
of oocyte maturation, the timing of ovulation, and the function and regression 
of the corpus luteum are controlled by the ovaries through multiple feedback 
mechanisms. Both steroidal and nonsteroidal mechanisms act on the hy- 
pothalamus and pituitary in a way that adapts gonadotropin function to meet 
ovarian demands and ensure optimum oocyte maturation. The ovaries also 
influence gonatotropin secretion by modulating the frequency and amplitude 
of their pulsatile release. Thus the ovaries function as the central organs for 
regulation of the menstrual cycle in order to establish the conditions necessary 
for optimum oocyte maturation. 

In many cases it is unclear how the connections between the hypothalamus 
and other brain areas described in this chapter contribute to physiological 
regulation of the human menstrual cycle. From a teleological standpoint, they 
provide a means of moderating or augmenting the reproductive potential in 
accordance with the environment as it is perceived by the sensory organs. The 
ability to recognize environmental conditions that are favorable in terms of 
temperature, light, nutritional sources, and other factors and to determine the 
moment that offers the best chances of offspring survival is crucial to the 
survival of the species. The degree to which these mechanisms are still active in 
human reproduction, rather than phylogenetic relics, remains unclear. It may 
be that modern environmental stresses in the form of diverse toxic agents are 
driving a new type of “natural selection” process. 

The existence of a neuroendocrine (i.e., hypothalamic- anterior pituitary) 
chemotransmitter system was first postulated by Green and Harris in 1949. 
Many other organs and tissues also take an active or passive part in the cyclic 
hormonal changes, most notably the vagina, cervix, endometrium, uterine 
tubes, and breasts. The fluctuating hormone levels can also produce changes in 
psychological state, mood, and autonomic nervous activity that vary markedly 
from one individual to the next. The reproductive potential is also subject to 
modulation by environmental influences (light-dark cycle) acting via the 
sensory organs. Stressful situations can directly influence the control of the 
reproductive cycle by their effects on hypothalamic function. 



Central Nervous System 

The central nervous system (CNS) influences the reproductive system in a 
variety of ways. These include regulation via direct neural connections and by 
humoral control. The hypothalamus acts as the integrator of neuronal and 
endocrine functions, using feedback control to regulate processes such as 
appetite, osmoregulation, secondary sexual development, and reproductive 
functions. The present section details the various regulatory mechanisms of the 
menstrual cycle that are operative at the level of the CNS. 
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Hypothalamus 

From the standpoint of menstrual regulation, the hypothalamus forms the 
connecting link between the cerebrum and the anterior lobe of the pituitary, 
i.e., between neural and endocrine regulation. Additionally, the hypothalamus 
has numerous afferent (arising from the hypothalamus) and efferent (acting on 
the hypothalamus) connections with other portions of the brain. 

The relay of neuronal impulses through the hypothalamus is accomplished 
by the release of five hypophysiotropic hormones: thyrotropin-releasing hor- 
mone (TRH), gonadotropin-releasing hormone (GnRH), corticotropin-releas- 
ing hormone (CRH, CRF), growth hormone (GH) -releasing hormone (GRH), 
and somatostatin (SS; somatotropin release inhibiting factor) - which are re- 
leased into the portal circulation in the median eminence. 



Hypothalamic Hypophysiotropic Hormones 

The hormonal control of the anterior pituitary by the hypothalamus was first 
documented by studies with brain extracts (Guillemin and Rosenberg 1955) 
and confirmed by identification of the hypothalamic releasing hormones TRH 
(Burgus et al. 1970), GnRH (Schally et al. 1971; Matsuo et al. 1971), CRH (Vale 
et al. 1981), and GRH (Guillemin et al. 1982). Only in recent decades has the 
development of assay methods for steroid and peptide hormones enabled a 
more precise investigation of the underlying mechanisms. More recently, 
techniques in molecular biology have made it possible to isolate the genes of 
most of the releasing hormones and pituitary hormones and investigate the 
control of transcription and translation. 



The Neuronal GnRH System 

The regulation of pituitary luteinizing hormone (LH) and follicle- stimulating 
hormone (FSH) secretion is mediated by the stimulatory action of GnRH. 
GnRH is a decapeptide derived from a large precursor molecule, pre-pro- 
GnRH (92 amino acids) The last 56 amino acid sequence, termed GnRH- 
associated peptide, can inhibit prolactin (PRL) secretion. The synthesis of 
GnRH follows the classic pathway from high-molecular polypeptide pre- 
cursors. The gene sequence for GnRH was elucidated by Seeburg and Adelman 
in 1984. 

The biological activity of GnRH is very short, with a half-life of 4-6 min. 
Degradation occurs by cleavage of the peptide bonds at positions 6 and 7, 
yielding biologically inactive peptides. Degradation is effected by specific 
peptidases whose activity is regulated by steroids and released LH. 

The GnRH-secreting cells have been identified as neurons of the arcuate 
nucleus whose axons traverse the median eminence of the mediobasal hy- 
pothalamus (MBH). GnRH is synthesized in the neurons, stored in granules, 
and transported to the portal capillaries via the neural axons. 
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Age-Related Changes in GnRH Secretion 

Fetal Period, GnRH can be detected in the fetal hypothalamus between the 14th 
and 16th weeks of gestation. Also, in vitro studies have shown that the isolated 
MBH of the human fetus secretes GnRH in a pulsatile pattern between weeks 20 
and 23 of gestation (Rassmussen et al. 1989). Moreover, the fetal gonadotroph 
(the LH- and FSH-secreting cell of the pituitary) at this stage can respond to 
GnRH stimulation by secreting LH under in vivo and in vitro conditions 
(Rossmanith et al. 1990). This means that a functioning hypothalamic-pituitary 
unit is present in the fetus as early as the middle of the second trimester, and 
that this unit is capable of sustaining gonadotropin secretion. The secretory 
output of GnRH during fetal development is comparable in the male and 
female hypothalamus, but during the second trimester the concentration of LH 
in the pituitary and serum is significantly higher in female human fetuses than 
in males (Reyes et al. 1974). This could be due to negative feedback from fetal 
testicular hormones. Studies in fetal pituitaries have shown that repeated 
GnRH pulses evoke a six times greater pituitary release of LH in female fetuses 
than in male fetuses. 

Neonatal Period, A pulsatile pattern of GnRH secretion is evident during the 
neonatal period. Pituitary sensitivity to exogenous GnRH declines during the 
first years of childhood. 

Childhood, The GnRH frequency in early childhood is approximately 1 pulse/h 
in boys and 1 pulse/3-4 h in girls. The serum level of gonadotropins (especially 
LH) gradually falls during this period and remains at a low level during the first 
10 years, with an elevated FSH:LH ratio. Pituitary resposiveness to exogenous 
GnRH is low during this time. 

Puberty, The onset of puberty is marked by a renewed increase in GnRH 
secretion, which is associated with a change in the opioid tone. The increased 
frequency and amplitude of the GnRH pulses initially occurs at night but later 
is maintained throughout the day. The mechanisms underlying this change are 
poorly understood. Animal studies suggest that a fall in endogenous opioid 
levels is responsible, but this mechanism appears questionable in humans, 
especially since opiate antagonists in prepubertal children do not evoke an 
increase in LH secretion. Another important development during puberty is 
reflected in the altered sensitivity of the neuroendocrine system to steroidal 
effects. Initially the nocturnal rise in GnRH secretion augments the release of 
FSH, which is suppressed by the increase in estrogen production. The further 
increase in the frequency and amplitude of the GnRH pulses is associated with 
a preferential increase in the secretion of LH. Rising estrogen production 
further stimulates LH release as pituitary sensitivity to GnRH pulses is en- 
hanced. Estradiol in early puberty cannot reduce the GnRH pulse frequency. 
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Fig. 2. Pattern of GnRH secretion up to age 20 years 



Reproductive Period. GnRH secretion during the reproductive years is subject to 
the cyclic influences of ovarian steroids and other factors (see “The Ovaries”). 

Postmenopause. Ovarian quiescence is associated with a disinhibition of GnRH 
secretion, leading to a rise in the frequency and amplitude of LH and FSH 
secretion (Fig. 2). 



Pulse Generator 

In a series of studies by Knobil and coworkers (Knobil et al. 1980; Wilson et al. 
1984; Knobil 1989) rhythmic electrical impulses were recorded from GnRH 
neurons in the MBH. These rhythmic discharges show a definite synchronicity 
with GnRH secretion into the hypophyseal portal blood and with peripheral LH 
pulses. 

The pulse generator for the rhythmic action potentials is very likely located 
in or near the arcuate nucleus in the MBH. Experiments in primates whose 
arcuate nucleus had been destroyed by stereotactic surgery demonstrated a 
rapid cessation of pulsatile GnRH and gonadotropin secretion (Wildt et al. 
1981). It remains unclear whether the rhythmic electrophysiological discharges 
are an intrinsic property of the GnRH neurons or arise in association with 
nearby neurons by a mechanism that is still unknown. 



Pulsatile Secretion 

The electrophysiological action potentials occur in the MBH at intervals of 60- 
90 min. The rhythmic activity in the MBH and the release of GnRH from 
neurosecretory granules into the portal circulation give rise to peak con- 
centrations of gonadotropins in the serum. The importance of pulsatile LH and 
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FSH secretion for the ovaries is unclear, since ovarian steroid secretion is 
maintained even during the continuous exogenous administration of gona- 
dotropins. It may be that with a pulsatile secretory pattern smaller amounts of 
gonadotropins are needed to produce the same amount of steroids than with a 
tonic pattern of gonadotropin secretion (Rossmanith et al. 1987). 

Changes in the frequency of GnRH secretion, and thus of the gonadotropin 
pulses, disrupt the normal course of an ovulatory menstrual cycle: 

- High GnRH pulse frequencies lead preferentially to the expression of LH ot- 
mRNA but not to that of LH (i-mRNA or FSH-(3-mRNA. 

- Low GnRH pulse frequencies selectively induce the expression of FSH (3- 
mRNA. 

- Only physiological GnRH pulse patterns can allow the synthesis of both 
gonadotropins in the gonadotroph. 

- An increase or decrease in the pulse frequency leads to the disruption of 
physiological menstrual function (Fig. 3). 

Gonadotropin secretion also appears to depend on the concentration of 
GnRH in the portal venous blood: high concentrations stimulate secretion 
while low concentrations produce only a priming effect. As a result, even low 
GnRH amplitudes induce an up-regulation of GnRH receptors after a latent 
period of about 4 h, enabling the generation of higher-amplitude LH pulses. 

While the pulse generator controls GnRH secretion, and thus the secretion 
of gonadotropins, it performs only a permissive function with regard to the 
menstrual cycle. Ovarian steroids play the key role in regulating the frequency 
and possibly the amplitude of GnRH secretion. Moreover, a variety of factors 
are involved in the modulation of GnRH and gonadotropin secretion. 

Rhythmic, short-term, pulsatile LH fluctuations occur at different fre- 
quencies in different animal species. The average intervals between successive 
pulses are as follows (Knobil 1974): rat, 20 min; monkey, 60 min; and human, 
ca. 90 min. This provides a rationale for intermittent GnRH replacement in 
patients with deficiency symptoms and in the treatment of infertility. 



Regulation of GnRH Secretion 

With regard to the modulation of gonadotropin secretion, one way in which 
gonadotropin secretion can be influenced is by altering the frequency of the 
pulse generator. A second approach is to modulate the reaction of the GnRH 
neurons to generator impulses in terms of the storage and secretion of GnRH. 
Other possible sites of action are the release of GnRH into the portal circulation 
(negative short-loop feedback from increased levels in the portal blood), the 
GnRH receptor on the gonadotrope, postreceptor mechanisms, and the storage 
of gonadotropins and their release into the circulation. 

Agents with a modulatory action are neurotransmitters (e.g., ot-adrenergic, 
serotoninergic, and dopaminergic neurons); the endogenous opiate system, 
which can be stimulated and inhibited by various other neuromodulators; and 
especially the steroids (estrogens, progesterone, androgens), which exert per- 
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Fig. 3. GnRH pulse frequency: effect on LH and FSH secretion. The secretion of LH and 
FSH is modulated (usually suppressed) by the steroids, and the action of GnRH alone 
has virtually no effect on the pituitary in vivo. The postmenopausal increase in LH and 
FSH secretion is due to the lack of steroid suppression 



missive, direct and indirect actions on the frequency of GnRH pulses and on 
gonadotropin release at various levels (Fig. 4). Three major classes of neuro- 
chemical transmitters are known: (a) biogenic amines (e.g., norepinephrine, 
epinephrine, dopamine, serotonin); (b) amino acids (e.g., y-aminobutyric acid, 
glycine); and (c) neuropeptides (e.g., opioids, neuropeptide Y). 



Endogenous Opioids 

The hypothalamic opioid system forms a well-defined neuronal network within 
the MBH that has close anatomic and functional associations with the GnRH 
neurons. Endogenous opioids play a central role in gonadotropin secretion 
through their inhibitory effect on hypothalamic GnRH secretion (Yen et al. 
1985). 

Action. Endogenous opioids can suppress the hypothalamic GnRH pulse 
frequency. The action of the opioid system cannot be considered separate from 
the steroid milieu; however, as its activity is regulated by steroids, especially 
estradiol and progesterone (Melis et al. 1988). The hypothalamic content of (i- 
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Fig. 4. Factors that affect pulsatile GnRH secretion 



endorphin and pre-pro-opiomelanocortin messenger RNA varies with changes 
in steroid concentrations, with low opioid concentrations occurring in the 
early follicular phase (when estradiol levels are low) and high concentrations 
occurring in the luteal phase (Wehrenberg et al. 1982). Accordingly, a blockade 
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of endogenous opioids in the late follicular phase and luteal phase has the 
effect of stimulating gonadotropin release. This effect is not elicited when 
estrogen levels are low (in the early follicular phase and after menopause). 

Rossmanith et al. (1988) performed studies with opiate antagonists to in- 
vestigate endogenous opiate activity during the menstrual cycle. They observed 
the following effects produced by 8-h infusion of the opiate antagonist na- 
loxone: 

- Early follicular phase: no change in GnRH and LH secretion during the day; 
blockade of the physiological noctural fall in GnRH secretion. 

- Late follicular phase: increase in the frequency and amplitude of LH and 
FSH pulses. 

- Midluteal phase: increase in the amplitude of LH pulse with no change in 
frequency. 

The blockade of endogenous opioids in the late follicular phase and luteal 
phase tends to stimulate gonadotropin release. It also increases the sensitivity 
of gonadotropin release to endogenous opiate blockade from the early folli- 
cular phase to the luteal phase. 

It has been shown that intravenous infusions of [J-endorphin significantly 
lower the serum levels of LH in the midfollicular phase (Reid et al. 1981). The 
absence of this response in postmenopausal women implies that estrogens and 
progestins not only regulate the expression of the opioids but can also control 
opioid receptor activity. 

The LH pulse frequency normally falls at night during sleep in the early 
follicular phase. In the early luteal phase opiate antagonists have no effect on the 
pulse frequency in the waking state during the day, although the opiate an- 
tagonist naloxone can abolish the nocturnal changes in the pulsatile pattern of 
LH secretion (Rossmanith et al. 1987). This may relate to a circadian rhyth- 
micity of opioid binding sites - a phenomenon that has been demonstrated in 
rats (Jacobson et al. 1986). 

The endogenous opioid system also may be involved in initiating the LH 
midcycle surge. It is thought that opioidergic activity declines at midcycle, 
lifting the suppressive action of the opioids on LH and FSH secretion. A 24-h 
infusion of naloxone leads to an increase in pulsatile LH and FSH secretion that 
corresponds to the spontaneous LH peak (Rossmanith et al. 1988). It remains 
unclear, however, whether a decline in opioidergic activity is due to a decrease 
in receptor activity or density or to reduced concentrations of opioids at sites 
of neuronal regulation (Jacobson and Kolra 1989). Opiate neurons are known 
to possess estradiol receptors, and a change in endogenous opiate activity 
therefore leads to a feedback effect of ovarian steroids on the hypothalamus 
and pituitary. 



Dopaminergic Modulation 

Despite comprehensive research the role of dopamine in the regulation of 
GnRH secretion remains controversial. Dopamine can exert a stimulatory or 
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inhibitory action on GnRH secretion, depending on the experimental condi- 
tions. The identity of dopamine as PRL-inhibiting factor is well established. An 
absence of dopamine in the region of the substantia nigra leads to Parkinson’s 
disease. The following actions of dopamine have been demonstrated: 

- Inhibition of PRL secretion. 

- Stimulation of |3-endorphin secretion, causing indirect inhibition of GnRH 
secretion. 

- p-Endorphins inhibit the release of dopamine in the hypothalamus. 

- Findings on the effect of dopamine on GnRH pulse frequency are con- 
troversial. Dopamine may exert a direct stimulatory action and indirect 
inhibitory action (opioid-mediated) on the pulse generator. 



Estrogens 

Estrogen-binding neurons are found predominantly in the preoptic and hy- 
pothalamic regions of the brain. The greatest density of binding sites for es- 
tradiol occurs in the periventricular region between the preoptic area and the 
lower part of the arcuate nucleus. Only 1 in 500 GnRH neurons contains 
estrogen receptors, however (Shivers et d. 1983). 

Animal studies have shown that estrogens can stimulate GnRH secretion 
(Rudenstein et al. 1979) or inhibit it (Gross 1980) depending on the dose and 
duration of the exposure. There is evidence that direct control of the GnRH 
gene by estrogens can produce a slight stimulatory effect (Pfaff 1986). It is 
more likely, however, that estrogenic effects are mediated indirectly by ad- 
jacent neurons that secrete such compounds as y-aminobutyric acid, opioids, 
dopamine, or adrenergic agents. 

Mediation of the steroidal effect by opioidergic neurons is evidenced by the 
fact that a significant percentage of the opioidergic neurons have receptors for 
estradiol (about 20%) and progesterone (about 30%). Some 20% of the do- 
paminergic neurons contain estrogen receptors, and 90% contain progesterone 
receptors (Sar 1984; Romano et al. 1989; Fox et al. 1990; Hoffman et al. 1990). 
As in other tissues, estrogens can induce progesterone receptors on neurons of 
the MBH. 

The following actions of estrogens on hypothalamic GnRH secretion are 
known: 

- Activation of P-endorphin secretion. 

- Activation of the dopaminergic system. 

- P-Endorphins inhibit both dopamine secretion and GnRH secretion. 

- Dopaminergic activation inhibits GnRH secretion by the activation of P- 
endorphins. 

Because neuropeptides exert stronger and longer-lasting effects than amines, 
the P-endorphin-mediated suppressive effect is usually predominant (Ras- 
mussen et al. 1987). Estradiol can induce the formation of progesterone re- 
ceptors in neurons of the MBH (Romano et al. 1989). GnRH neurons in the 
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arcuate nucleus have few if any progesterone and estradiol receptors (Fox et al. 
1990). 



Progestins 

Progesterone binding occurs in the MBH and the region about the median 
eminence. Progesterone receptors have not been found on GnRH neurons in 
the arcuate nucleus, but they have been detected on about 90% of dopamine 
neurone in the arcuate nucleus and about 30% of P-endorphin neurons. 

Progestins, as with estrogens, can exert stimulatory or inhibitory effects on 
the neuroendocrine axis depending on their concentration and time of action. 
These effects are not produced directly via GnRH neurons; they occur in- 
directly and depend on the estradiol concentration. Both dopaminergic and 
opioidergic neurons have axo-axonal synapses with GnRH neurons, enabling 
them to influence the GnRH pulse generator. At the same time, progesterone 
reduces the frequency and increases the amplitude of LH pulses during the 
luteal phase and after estrogen treatment. Progesterone can release GnRH from 
the hypothalamus and inhibit its degradation. This effect, too, is mediated by 
the opioid system. The neuromediators involved in this process include P~ 
endorphin, norepinephrine, and as recent studies indicate neuropeptide Y. 

Progesterone has been confirmed to stimulate both dopaminergic and 
opioidergic neurons in the arcuate nucleus of the MBH, with the result that (a) 
p-endorphin inhibits both dopamine and GnRH secretion and (b) dopamine 
stimulates both P-endorphin and GnRH secretion. Thus, the actions of pro- 
gesterone on the hypothalamus are regulated with the aid of autoregulatory 
dopamine and opioid secretion, which have opposite effects on GnRH secre- 
tion. 



Androgens 

Androgen binding is evidenced by very high receptor densities in the hy- 
pothalamus, the amygdala, and to a lesser degree the septum and hippo- 
campus. Androgen concentrations are lower than estrogen concentrations in 
all areas of the brain. It is thought that a significant percentage of circulating 
androgens are converted to estrogens by aromatization and thus exert estro- 
genic effects. Studies indicate that the morphological differentiation of the male 
brain depends partly on the capacity for androgen aromatization in the hy- 
pothalamus and forebrain. On the whole, the impact of androgens on GnRH 
secretion remains unclear. By their aromatization in the brain, androgens may 
support estrogen-mediated effects. It is also likely that they exert effects on the 
hypothalamus analogous to those of estradiol. 
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Corticotropin Releasing Hormone 

CRH-binding neuron systems occur in various hypothalamic and extra- 
hypothalamic regions as well as outside the brain. It is thought that CRH also 
functions as a stimulatory neurotransmitter. In this way the CRH system could 
contribute significantly to the linkage of the brain-pituitary-adrenal axis and to 
stress-related autonomic reflexes and behaviors such as pain perception, 
arousal, and motivation. 



Actions on the Reproductive System 

By inducing the secretion of P-endorphins, CRH exerts a suppressive effect on 
the GnRH pulse generator. CRH exerts a direct suppressive effect on the 
electrophysiological activity of the pulse generator. The actions of CRH can be 
summarized as follows: 

- Activation of the pituitary-adrenal axis (pituitary adrenocorticotropin se- 
cretion) 

- Increased activity of the sympathetic nervous system 

- Elevation of blood glucose 

- Increase in oxygen consumption 

- Rise in cardiac output 

- Blood pressure elevation 

- Reduced activity of the reproductive system 

- Suppression of GnRH secretion 

- Decreased sexual activity 

- Suppression of gastrointestinal function 

- Anorexia 

- Reduced gastric acid secretion 

- Stimulation of respiration 

- Alteration of immunological and inflammatory responses 

- Antipyretic action 

- Behavior changes (arousal, locomotor activity) 



Growth Hormone Releasing Hormone 

Secretion. The episodic secretion of pituitary GH is subject to regulation by two 
hypothalamic peptides: SS and GRH. The pulsatile secretion of pituitary GH 
results from the alternating secretion of SS and GRH, with SS exerting an 
inhibitory action and GRH a stimulatory action (Tannenbaum and Ling 1984). 
GRH is secreted into the median eminence and portal circulation from axons of 
neurons residing in the MBH, especially the posterior portion of the arcuate 
nucleus. There are also stimulatory connections with the somatostatin neurons 
that create a negative feedback mechanism. 

GRH regulates only the secretion of GH. Aside from this, it has been found 
in other intra- or extracerebral tissues only in cases of ectopic GRH production 
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in the setting of acromegaly. Circulating insulin-like growth factors (IGFs), 
whose secretion is induced by GH, exert a negative long-loop feedback effect 
on GRH secretion. GRH itself has no known physiological functions in terms of 
regulating the menstrual cycle. The actions of GRH-induced IGF-I are dis- 
cussed under the appropriate heading. 



Thyrotropin-Releasing Hormone 

TRH is not known to have a physiological effect on human menstrual reg- 
ulation. 



Pathophysiology of Hypothalamic Function 

Disorders of hypothalamic function are summarized in Table 1. 

Hyperprolactinemia (reduced or absent hypothalamic prolactin-inhibiting 
factors), visual field disorders (compression of the chiasma opticum), and dia- 
betes insipidus (destruction of nervous connections beween the hypothalamus 
and the posterior pituitary) are signs of hypothalamic dysfunction. Since the 
hypothalamus forms a link between the nervous and the humoral regulation of 
the reproductive function, all clinically manifest disorders except tumors and 
Kallman’s syndrome are the result of disturbed feedback with upstream and 
downstream organs (higher brain functions, pituitary, ovaries, thyroid, adrenal). 

Kallman's syndrome is a genetic disorder which may be caused by at least 
three different genetic defects. Inheritance may be autosomal recessive, 
dominant, or via the X chromosome. It is caused by a disturbed migration of 



Table 1. Causes of hypothalamic . i i i 

disorders Organic Hypothalamic Disorders 

- Kallman’s syndrome 

- Craniopharyngeoma 

- Germinoma (ectopic pinealoma) 

- Glioma of the chiasma opticum or of the hypothalamus 

- Hand-Schiiller-Christian syndrome 

- Dermoid cysts, teratomas 

- Endodermal sinus tumor (yolk sac carcinoma) 

- Tuberculosis, sarcoidosis 

- Metastases 

- Skull trauma 

- Radiotherapy 

Functional Hypothalamic Disorders 

- Pseudogravidity 

- Anorexia nervosa 

- Stress, depression 

- Competitive sports 

- Malnutrition 

- Drug abuse (morphine derivatives) 

- Pharmaceuticals 

- Hypermelatoninemia 
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GnRH neurons, which normally migrate along with olfactory nerves from the 
olfactory placode to the brain. Causative treatment of the disease is not pos- 
sible. If the patient wishes to conceive, ovulation and pregnancy can be 
achieved by pulsatile GnRH or gonadotropin stimulation. Nearly all follicles 
found in the ovaries are at the primordial stage because the later stages are 
gonadotropin dependent. 

Tumors in the hypothalamic region lead to the partial or complete break- 
down of hypothalamic functions and, depending on the extent of the tumor, to 
symptoms of intracranial neoplasia. Therapy is according to the type of the 
tumor. In most cases, a cautious surgical approach combined with radio- 
therapy is required. Replacement therapy is needed along with vasopressin to 
treat diabetes insipidus. 

Functional disorders of the hypothalamus result from multiple changes in 
the brain sections and peripheral organs involved. However, it is usually not 
possible to identify a single cause because of the way the hypothalamus is 
integrated into regulatory systems. Hypothalamic interaction with the limbic 
system (amygdala, hippocampus, neocortex, and midbrain), which is involved 
in processing many external and internal mental stimuli, makes it possible for 
the individual to adjust to different environmental conditions. 

The reaction to excessive stress of a mental or physical nature (decom- 
pensated stress reaction) can cause the impairment or breakdown of the re- 
productive function. Clinically, the patient presents with amenorrhea. Table 1 
lists the causes of hypothalamic dysregulation. 

Pseudogravidity (pseudocyesis) is a typical example of the interaction be- 
tween the psyche and the reproductive function. The exact mechanisms leading 
to the manifestation of unambiguous symptoms of pregnancy are not fully 
known. Clinically, an increased amplitude of the pulsatile secretion of prolactin 
and LH is found. Serum levels of estradiol and progesterone are increased so 
that luteal function is maintained. FSH secretion is suppressed. After the pa- 
tient is informed that she is not pregnant, the central changes normalize ra- 
pidly. In many cases, however, the patient will need psychological or 
psychiatric support. 

Functional hypothalamic amenorrhea of psychogenic origin: one of the 
most frequent forms of amenorrhea is menstrual failure without any ap- 
parent disorder of the pituitary-ovarian axis. The changes include activation 
of the hypothalamic-pituitary axis and hypersecretion of CRF and cortisol, 
while the diurnal rhythm is maintained. A central opioid-mediated inhibition 
of GnRH secretion can be identified, which causes an impairment of ovarian 
function ranging from luteal phase disorders to amenorrhea. Factors such as 
CRH and dopamins have an additional inhibitory effect on GnRH secretion. 
The best option for therapy is psychological support. If no improvement is 
seen after 6-8 months, combined estrogen and gestagen may be successful in 
many cases. If the patient wishes to conceive, stimulation treatment with 
antiestrogens, gonadotropins, or a GnRH pump should be attempted. In 
cases of hypogonadotropic amenorrhea, therapy with pulsatile GnRH (GnRH 
pump) or stimulation with human chorionic gonadotropin (HMG) should be 
tried. 
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One from between 200 and 500 adolescent girls suffers from anorexia ner- 
vosa. They try to become as slim as possible by fasting. The fasting phases may 
be punctuated by episodes of voracious eating (bulimia). Frequently, vomiting 
is induced after eating. This can result in life-threatening weight loss with the 
need for intravenous feeding. The typical symptoms include hypothermia, 
hypotension, the growth of lanugo hair, and amenorrhea. The personality 
profile of these patients is characterized by ambition, hyperactivity, and im- 
pulsiveness. The disease occurs mainly in upper middle class girls with a 
dominating or insensitive parent. Patient history frequently reveals emotional 
or sexual abuse or incest. The patients present with a suppressed hypothalamic 
function with varying degrees of reduced GnRH secretion. Further findings are 
increased serum levels of cortisol and CRH with no disruption of the diurnal 
rhythm. The negative feedback of cortisol is intact at the pituitary but dis- 
turbed at the hypothalamic level. Similarly, the regulation of TRH (and, con- 
sequently, GH) and ADH (mild diabetes insipidus due to a disturbed influence 
of the hypothalamus on the posterior pituitary) may be impaired. Along with 
the life-saving measures of intravenous feeding, therapy is mainly based on 
psychological/psychiatric support. 

Women engaging in competitive sports and those taking exercise for re- 
creation may show impaired cyclic function because of a hypothalamic dys- 
function. The incidence of amenorrhea varies, depending on the sport: it is 
much higher in ballet dancers and runners than in swimmers. One factor is the 
body fat ratio, which is higher in swimmers than in runners or ballet dancers. 
However, this is neither the only nor the most frequent factor in the genesis of 
cyclic disorders. The type, duration, and intensity of the sport, body compo- 
sition, psychological status, and individual stress factors are just some of the 
factors contributing to the development of amenorrhea. Therapy is based on a 
controlled and optimized diet, psychological support, changes in the training 
program and possibly replacement therapy with a combination of estrogens 
and gestages to counteract osteoporosis caused by hypoestrogenemia. If the 
patient wishes to conceive, the question is whether such a wish is reconcilable 
with the continued practice of the sport. 



Pineal Gland 

The secretory product of the pineal gland is melatonin, whose secretion re- 
sponds to the presence or absence of light. Melatonin exerts a suppressive 
effect on the GnRH pulse generator. In animals, seasonal changes in the re- 
productive system represent an important adaptation to a hostile environment. 



Endocrine Function 

The major product of the pineal gland is melatonin (5-methoxy-N-acetylser- 
otonin), a tryptophan derivative that is synthesized in the gland. The secretion 
of melatonin in all mammals, including man, follows a definite circadian 
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rhythm with a nocturnal peak. The stimuli for the circadian rhythm depends 
on endogenous mechanisms and lighting. Exposure to light inhibits melatonin 
secretion, while darkness promotes it. Melatonin counteracts pituitary mela- 
nocyte-stimulating hormone in the skin and tends to reduce skin pigmenta- 
tion. 

It is believed that information on ambient light exposure is conveyed to the 
paraventricular nucleus via the retinohypothalamic tract and suprachiasmatic 
nucleus. Axons from neurons of the paraventricular nucleus terminate in the 
superior cervical ganglion. In darkness, sympathetic neurons from this gang- 
lion activate pitutary secretion. 

Melatonin exerts a suppressive effect on the GnRH pulse generator, lowering 
the GnRH pulse frequency and thereby suppressing reproductive function jn 
animals and humans (Dailey and Neill 1981; Hutz et al. 1985). This is clearly 
evident in sheep, whose estrus is timed to ensure that lambs are born at a time 
that is favorable for survival. The importance of light-dependent effects on the 
GnRH pulse generator in humans is subject to marked individual variations. 
Generally no definite seasonal increase in human birth rates can be demon- 
strated. Melatonin is currently being investigated for its contraceptive efficacy 
and its importance in breast carcinoma. 



Pituitary 

The first speculations on the importance of the pituitary were those of by Galen 
in the second century a.d., who believed that “waste products” from the brain 
collect in the pituitary and are filtered, yielding nasal mucus. This idea per- 
sisted into modern times and is reflected in the term “pituitary” (from the 
Latin pituita = phlegm). The pituitary consists of two functiondly and ana- 
tomically distinct components: 

- The anterior pituitary (anterior lobe, adenohypophysis), which is sub- 
divided into: 

- A distal part (pars distalis, prehypophysis), which comprises most of the 
anterior lobe 

- An intermediate part (pars intermedia), consisting of a narrow zone 
bordering the posterior pituitary 

- An infundibular part (pars infundibularis, pars tuberalis) 

- The posterior pituitary (posterior lobe, neurohypophysis), which is attached 
to the hypothalamus by the infundibulum (pituitary stalk) 

The glandular portion of the pituitary, the anterior lobe, accounts for ap- 
proximately 80% of the total pituitary volume. 

The anterior pituitary responds to hypothalamic releasing hormones by 
secreting the appropriate glandotropic hormones: thyrotropin, LH, FSH, 
adrenocorticotropin, and melanocyte-stimulating hormone. Various inhibitory 
and stimulatory feedback mechanisms serve to regulate the secretion of the 
releasing hormones as well as the synthesis, secretion, and storage of the 
corrsponding glandotropic hormones. 
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Anterior pituitary cells were formerly classified as chromophobes, acid- 
ophils, and basophils by the staining affinity of their secretory produces - a 
classification that is no longer adequate today. A more useful classification is 
based on the specific secretory products of the cells as determined by electronic 
microscopic studies of secretory granules and especially by immunofluorescent 
analysis. Today the following cell types have been positively identified: corti- 
cotropes, somatotropes, lactotropes, thyrotropes, and gonadotropes. 



Anterior Pituitary Hormones 

The anterior pituitary secretes thyrotropin, LH, FSH, adrenocorticotropin, and 
melanocyte-stimulating hormone. 



Gonadotropins 

LH and FSH have many chemical and structural features in common. They are 
dimers composed of two glycosilated polypeptide subunits (a- and p-sub- 
units). The ot-subunit is the same for LH, FSH, thyrotropin, and human 
chorionic gonadotropin; the P-subunit of each hormone has a specific amino 
acid sequence that determines the hormonal activity. Studies of the LH content 
of human pituitaries have shown lower levels at the start of the follicular phase 
and a steady rise until ovulation, followed by a rapid decline and a renewed 
rise. A similar, less pronounced pattern has been observed for FSH. 

The response of LH to GnRH infusions is biphasic: (a) an initial release of 
LH that is maximal at 30 min and (b) a second rise at 90 min that persists for 
4 h. This biphasic pattern implies the presence of two LH compartments in the 
human pituitary (Naor et al. 1982). Estradiol increases the degree of the second 
LH surge, and progesterone increases both the first and second surges after 
previous estrogen treatment. In contrast to this biphasic pattern, the release of 
FSH shows only the second, later increase. 



GnRH Receptors 

Hypothalamic GnRH reaches the pituitary cells via the hypophyseal circulation 
and binds to specific cell membrane receptors (Clayton and Catt 1981). The 
occupation of these receptors leads to clustering and activation of the GnRH- 
receptor complexes. The pituitary cell membrane has two bindings sites for the 
GnRH molecule. The high-affinity binding sites for GnRH are the actual re- 
ceptors, while the low-affinity binding sites represent endopeptidases. The 
GnRH receptor is a glycoprotein (MW 60 000) that contains sialic acid residues. 

It is believed that receptors are distributed uniformly on the cell surface. 
Once binding occurs, the hormone-receptor complex moves along the cell 
membrane in a process known as lateral migration. This migration ends at a 
specialized region called the coated pit. Coated pits are lipid vesicles that are 
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bound to a “basket” of specific latticelike proteins. Approximately 500-1500 
such sites are present on the cell surface. Lateral migration carries multiple 
hormone-receptor complexes into the coated pit in a process called clustering. 
Finally, the coated pit invaginates and is internalized in the process of en- 
docytosis. Some of the receptors undergo degradation into lysosomes, and 
others are returned to the cell membrane. The concentration of cell membrane 
receptors is subject to physiological regulation aimed at providing a maximum 
number of receptors prior to the midcycle LH surge (Clayton and Catt 1981). 
The receptor concentration decreases with advancing age and during lactation, 
and increases after ovariectomy. 

Binding of the GnRH molecule to its highly specific receptor initiates a 
process of clustering, receptor protein activation, and internalization of the 
hormone-receptor complex. The hormone-receptor complex then undergoes 
degradation, and a significant number of the receptors are quickly reinserted 
into the cell membrane. This retransfer to the cell surface is based on the 
capacity of GnRH to up-regulate its own cell membrane receptors, (a) Up- 
regulation. Little is known about the mechanism of up-regulation. Presumably 
it involves an accelerated recycling of internalized receptors (Hazum and Conn 
1988) and the synthesis of new receptors, (b) Down-regulation. The GnRH 
polypeptide receptor appears to have two binding sites: an external site for the 
polypeptide hormone and an internal site that has a role in internalization. 
Internalization effects down-regulation by the degradation of receptors in ly- 
sosomes (Fig. 5). 



Second Messengers of Gonadotropin Secretion 

Binding of the GnRH molecule to receptors on the gonadotrope leads to sti- 
mulation of the biosynthesis, secretion, and storage of pituitary gonadotropins. 
The GnRH receptor is a class I receptor, i.e., the cellular response occurs 
without internalization of the hormone-receptor complex. Internalization of 
the hormone-receptor complex does occur on gonadotrophs, but the hormonal 
action does not depend on it. 



Fig. 5. Up- and down- regulation of LH 
secretion and GnRH binding capacity in 
response to the continuous and inter- 
mittent administration of GnRH 
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The binding of GnRH to the receptor initiates a complex series of reactions 
leading to the secretion of gonadotropins, the biosynthesis of ot- and p-sub- 
units for LH and FSH, and the dimerization and glycosylation of these sub- 
units. Gonadotropin release is induced by metabolic pathways that depend on 
extracellular calcium and by pathways that are independent of extracellular 
calcium (Kiesel and Catt 1984; Kiesel et al. 1984a, b). 

The clustering of cell membrane receptors that follows GnRH binding leads 
to an influx of calcium from the extracellular space and to an enzymatic sec- 
ond-messenger cascade. The calcium influx leads in turn to an increased in- 
tracellular calcium concentration that activates the exocytotic release of 
secretory granules containing LH and FSH. The action of calcium on gona- 
dotropin release is mediated by calmodulin, an intracellular calcium-binding 
protein. 

Further transmission of the GnRH signal relies on the sequential interaction 
of three membrane-bound proteins: (a) receptors for extracellular binding, (b) 
a GTP-binding protein (G protein) that allows the exchange of tightly bound 
cGDP (inactive ligand) for cGTP (active ligand), and (c) cGTP-bound G protein 
activates phospholipase C. 

Four mechanisms are ultimately responsible for the secretion of gonado- 
tropins: 

- The influx of extracellular calcium ions inducing the release of stored go- 
nadotropins. 

- The activation of intracellular calcium by inositol triphosphate, inducing the 
discharge of gonadotropin stores. 

- Arachidonic acid metabolites: leukotrienes lead to the secretion of gona- 
dotropins. 

- Protein kinase C: protein phosphorylation leads to the synthesis and se- 
cretion of gonadotropins. 

These mechanisms have been elaborated during evolution and are important 
for species survival, for if one metabolic pathway is lost, the other pathways 
can take over its role. 



Regulation of Gonadotropin Secretion 

As in all biocybernetic systems the regulation of pituitary hormone secretion 
relies on various mechanisms of feedback control. Three types of feedback loop 
are recognized, each of which may produce inhibitory or stimulatory effects 
(Fig. 6): (a) long feedback loop, (b) short feedback loop, and (c) ultrashort 
feedback loop. 

In the long feedback loop signals are transmitted from the ovary to the 
hypothalamus and pituitary by circulating ovarian steroids. Positive feedback 
is illustrated by the midcycle effect of estradiol (and progesterone) on pituitary 
LH secretion, negative feedback by the effect of inhibin on pituitary FSH se- 
cretion. 
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Fig. 6. Feedback loops on the neuroendocrine axis. £ 2 , 17j?-Estradiol; P, progesterone 



The short feedback loop refers to the feedback of gonadotropins on the 
pituitary secretion of LH and FSH. Again, the regulation occurs via the 
bloodstream but does not involve another stimulatory or inhibitory factor. The 
feedback effect may be positive or negative, but most of the feedback is ne- 
gative. The significance of the short-loop feedback control of LH and FSH 
warrants further study. The administration of human menopausal gonado- 
tropin in ovariectomized women inhibits the secretion of endogenous gona- 
dotropins (Szontagh 1973). 

The ultrashort feedback loop involves inhibition by the hypothalamic re- 
leasing hormone of its own synthesis, storage, and release. Additionally there 
are pituitary autocrine and paracrine factors that perform a modulatory 
function. 

The frequency and amplitude of gonadotropin secretion are regulated by the 
hypothalamus (via GnRH secretion) and by effects on the pituitary production, 
secretion, and storage of gonadotropins. The amplitude of the gonadotropin 
pulses depends both on the quantity of GnRH that acts on the gonadotrope and 
on the sensitivity of the gonadotrope itself. The pulse and amplitude char- 
acteristics of gonadotropin secretion are critically influenced by gonadal 
function, with various substances having the capacity to produce modulatory 
effects (Fig. 7). 

Ovulatory women with normal menstrual cycles display a high frequency 
and low amplitude of LH pulses during the follicular phase. Toward the middle 
of the cycle the pulse amplitude increases while the frequency declines. The 
pulse amplitudes are variable during the luteal phase, giving rise to “large” and 
“small” LH pulses. Pulse amplitudes are higher in the late luteal phase than in 
the early part of the phase, and the pulse frequency is low (Fig. 8). 
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Day of cycle 

Fig. 7. GnRH pulse-generator frequency (elemetric measurements in rhesus monkeys) 
and LH serum concentrations during the menstrual cycle. (From Yen 1991) 

The midcycle preovulatory LH surge is itself pulsatile and contains LH pulses 
of high amplitude compared with the pulses during the preovulatory phase. The 
frequency pattern of LH secretion remains unchanged during the preovulatory 
phase and LH surge (Fig. 9). It is currently thought that pituitary sensitivity to 
GnRH (including exogenously administered GnRH) increases markedly toward 
the middle of the cycle. It is conceivable, however, that increased amounts of 
GnRH are released at that time by the GnRH neuronal systepi. 
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Fig. 8. Changes in the LH pulse frequency during the menstrual cycle. (Based on data 
from Speroff et al. 1989) 
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Time day 



Fig. 9. Midcycle pulsatility of LH. Serum concentrations of LH in an ovulatory cycle 
were measured at 15-min intervals (circles) over a 24-h period during the midcycle LH 
surge, Significant pulses. (From Roseff et al. 1989) 

Estrogens 

Estradiol exerts both stimulatory and inhibitory effects on pituitary LH and 
FSH secretion and storage (Knobil 1980). 

A positive feedback of estrogens on LH secretion is observed in both pre- 
pubertal and adult (normal and ovariectomized) animals and humans (Knobil 
1974; Yen and Tsai 1972). This positive effect of estrogens plays a physiological 
role in the induction of female puberty and in triggering the preovulatory LH 
surge. The positive feedback mechanism in women becomes operative when 
the serum estradiol level reaches about 250-300 pg/ml. The exogenous ad- 
ministration of estradiol over a 3-day period under experimental conditions 
was found to induce a rise of gonadotropins in hypogonadal women (Liu and 
Yen 1983). There is evidence that this positive feedback mechanism acts on 
sites in both the hypothalamus and the pituitary. In the pituitary, estrogens 
increase the pituitary response rate to GnRH stimulation when present in 
sufficient concentration and duration of effect. 

The negative feedback effects of estrogens are seen most clearly in ovar- 
iectomized and postmenopausal women. Estrogens are the most potent in- 
hibitors of gonadotropin secretion; usually FSH is more easily suppressed than 
LH (Zanisi and Martini 1975a, b). Estrogens in the follicular phase reduce pi- 
tuitary secretions while increasing the synthesis and storage of gonadotropins. 
Thus, rising estrogen levels during the follicular phase create a gonadotropin 
reservoir that can be discharged at midcycle. Estrogens mainly exert an in- 
hibitory effect on hypothalamic GnRH secretion. 

In summary, estrogens are known to exert the following actions on the pi- 
tuitary: (a): the midcycle LH surge is initiated by higher estradiol levels over a 
longer period of time, with release of stored gonadotropins (positive feedback) 
and (b): low estrogen levels negatively affect the secretion of gonadotropins and 
positively affect the synthesis and storage of gonadotropins (negative feedback). 
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Progesterone 

Progesterone also gives rise to positive and negative feedback effects on the 
pituitary. In terms of positive feedback, the administration of progesterone is 
followed by a rise of LH in ovariectomized rats previously treated with es- 
trogen. This positive feedback effect of progesterone is probably mediated in 
part by the hypothalamus and occurs only after prior treatment with estradiol. 
As with negative feedback, the systemic administration of progesterone alone 
cannot suppress LH and FSH levels (Zanisi and Martini 1975b), but this effect 
can be achieved in synergy with estrogens. Progesterone exerts its negative 
feedback effect on the anterior pituitary and, indirectly, on the hypothalamus. 
In summary, (a) progesterone acts synergistically with estrogens to influence 
pituitary gonadotropin secretion, and (b) the specific actions of progesterone 
and estradiol on the pituitary are not yet known. 



Inhibins and Activins 

Inhibins exert a regulatory effect on FSH secretion via the hypothalamic-pi- 
tuitary axis and also produce autocrine and paracrine effects in the ovary. The 
physiological importance of the activins with regard to the menstrual cycle is 
still unclear since changes in activin serum levels have not yet been detected 
during the cycle (Batista et al. 1993). Activins and inhibins are known to 
produce a variety of extraovarian effects (Vale et al. 1990). The paracrine and 
autocrine actions of inhibin and activin are discussed in connection with 
ovarian regulation. 

Inhibins are very potent and selective inhibitors of pituitary FSH synthesis 
and secretion in vitro and in vivo. Inhibin acts on the pituitary via its own 
receptors. Its action does not involve GnRH receptors. Activin has an equally 
strong stimulatory effect on the pituitary in vitro, but is does not appear to 
influence FSH regulation in vivo (Demura et al. 1993) since peripheral activin 
levels do not change during the menstrual cycle. Neither substance has an 
apparent effect on LH-(3 mRNA expression (Gharib et al. 1990). In summary, 
inhibin has the following established endocrine actions on the pituitary in vivo: 
(a) inhibition of pituitary FSH secretion via its own receptors (negative long 
feedback loop), and (b) autocrine and paracrine actions as described in the 
section “Development of the Ovaries.” 



Paracrine and Autocrine Modulators 

The cells of the anterior pituitary are not only subject to control by hy- 
pothalamic hormones and the hormones of the target organs (steroids, thyroid 
hormones) but are also influenced by substances that are synthesized in the 
pituitary. A cell secretes a compound that may act on an adjacent cell (para- 
crine regulation) or on the secreting cell itself (autocrine regulation). 
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Various peptides of the CNS and gastrointestinal tract (e.g., dynorphin, 
angiotensin II, vasopressin, gastrin, substance P, motilin) and growth factors 
(e.g., epidermal growth factor, fibroblast growth factor, IGF) that can act as 
paracrine and/or autocrine factors have been demonstrated in pituitary cells. It 
is possible that pituitary cells have a mechanism of intercellular communica- 
tion that acts through the aid of paracrine substances. Pituitary cells may 
influence their hormone secretion or their own receptors for hypothalamic 
hormones by secreting factors with autocrine activity. Here we can consider 
only the possible effects of substances that have been identified. It remains 
largely unclear whether and to what degree these compounds are important for 
the physiology of the menstrual cycle. 



Prolactin 

The PRL receptor of the rat was cloned in 1988 (Boutin et al. 1988). Its close 
resemblance to the human GH receptor underscores the close relationship 
between the two hormones. Specific PRL receptors in women have been found 
in the liver, lungs, adrenals, breasts, and ovaries. The hepatic PRL receptors 
show a definite steroid dependence; they are induced by estrogens and by PRL 
itself, and they are reduced by androgens. These receptors are called lactogenic 
because they bind PRL, placental lactogen, and GH, which also has lactogenic 
activity. They differ from GH receptors, which bind GH but not PRL and are 
not steroid-dependent. 

The synthesis and release of PRL are influenced by inhibitory (PRL-in- 
hibiting factor) and stimulatory factors (PRL-releasing factor) at the hy- 
pothalamic and pituitary levels. Physiological PRL secretion, unlike most other 
forms of endocrine hormone secretion, requires continuous suppression. The 
secretion follows a pulsatile pattern, with pulses of varying amplitude super- 
imposed upon a constant basal secretion. Serum levels of PRL are higher 



Table 2. Physiological prolactin increases 



Condition 


Prolactin level 


Menstrual cycle 


Increased in the late follicular and throughout the 
luteal phase 


Coitus 


Strong increase during orgasm 


Pregnancy 


10-fold increase around birth 


Amniotic fluid 


Peak in the second trimester 


Puerperium 


Increased in the first 3-4 weeks 


Breastfeeding 


Short-term increases 


Fetus 


Prolactin levels higher than in the mother at birth 


Newborn 


Increased 2-3 weeks after birth 


Sleep 


Endogenous rhythm; increase begins 10-60 min 
after falling asleep 


Eating 


High-protein food, especially around lunchtime 


Exercise 


Unclear mechanism 
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during sleep than in the waking state. The cause of the circadian rhythmicity of 
PRL is unclear. 

Dopamine is the principal inhibitor of PRL secretion at the hypothalamic 
level. Its effect is mediated by dopamine receptors on the lactotropic cell. 
Various observations suggest that y-aminobutyric acid is another inhibitor of 
PRL secretion, though it is far less potent than dopamine (Vincet et al. 1982; 
Gudelsky et al. 1983; Melis et al. 1988). 

Hypothalamic TRH exerts a strong stimulatory action on the release of PRL. 
Other stimulators of PRL secretion are vasopressin and vasoactive gastro- 
intestinal peptide (VIP; Abe et al. 1985; Said and Porter 1979). VIP stimulates 
the secretion of PRL, mediated by the release of oxytocin (Samson et al. 1989). 
Additionally, VIP appears to cause an autocrine stimulation of PRL secretion 
from lactotrophs. Other compounds that have a stimulatory effect on PRL 
secretion are angiotensin II, serotonin, endogenous opioids, histamine, neu- 
rotensin, and substance P. Physiological states that are associated with in- 
creased PRL secretion are listed in Table 2. 

The secretion of PRL is not controlled by negative feedback from peripheral 
target organs. It is regulated by short feedback loops at the hypothalamic level, 
i.e., by the retrograde action of secreted PRL on hypothalamic PRL receptors. 
The secretion of PRL into the portal circulation produces a local rise in the 
dopamine concentration and a decrease in vasopressin secretion (Gudelsky 
and Porter 1980; Sarkar 1989). GnRH can act by a paracrine mechanism to 
produce pulsatile stimulation of PRL secretion concurrently with LH secretion. 
This interaction is promoted by the close anatomic association of lactotropic 
and gonadotropic cells in the pituitary. 

The third gonadotropin, PRL, exerts a variety of metabolic effects relating to 
osmoregulation, general metabolism, and reproduction. It is an important 
modulator of fertility and lactation. PRL exerts a luteotropic and luteolytic 
action on the ovaries of rodents and various other species. Its effects on the 
human ovary are not yet clearly understood. The fact that elevated PRL levels 
have often been found in women with galactorrhea and in about one-third of 
all women with secondary functional amenorrhea suggests that abnormally 
elevated PRL levels can affect reproductive functions. The suppressive effect of 
hyperprolactinemia on gonadal function is due largely to a reduction in go- 
nadotropin secretion. This reduction is attributed to dopamine secretion in the 
hypothalamus inhibiting the secretion of GnRH. The prompt restoration of 
normal menstrual cycles after the administration of bromoergocryptine and 
the direct inhibitory effect of PRL on progesterone production by human 
granulosa cells suggest that PRL exerts regulatory effects on the pituitary- 
ovarian axis (Table 2). 

Posterior Pituitary 

In addition to the hormones vasopressin and oxytocin, the neurons of the 
paraventricular nucleus and the supraoptic nucleus (SON) synthesize the 
transport proteins neurophysin I and neurophysin II. Vasopressin and oxy- 
tocin pass through the median eminence to the posterior pituitary, where they 
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are released into the circulation as well as the CSF and the portal venous 
system. The concentration of these hormones in the portal vessels is about 50 
times higher than in the peripheral circulation. Oxytocin and vasopressin are 
the only peptide hormones that are synthesized together, stored together in 
granules, and secreted together in a fixed ratio along with specific carrier 
proteins. 

Oxytocin can inhibit human chorionic gonadotropin stimulated progester- 
one secretion from human luteal cells in vitro. Oxytocin induces the uterine 
secretion of prostaglandin F 2 a> leading to a rise in intraovarian oxytocin levels. 
This may represent a local feedback mechanism that increases the contractility 
of the uterine tubes. The role of oxytocin in luteolysis is not fully understood 
(see below). The importance of the expression of posterior pituitary hormones 
in the organs of the reproductive system remains unclear. 

The presence of vasopressin in reproductive organs implies that it exerts 
paracrine or autocrine functions in those regions. It is thought that the va- 
soconstrictor properties of vasopressin, along with other vasoactive peptides 
and growth factors, play a role in regulating the ovarian microculation. It is 
unclear whether vasopressin additionally performs a physiological endocrine 
function. 



Pathophysiology of the Pituitary Function 

Apart from the Sheehan and the Empty sella syndromes, primary disorders of 
the pituitary are limited to various (rare) tumors of both the anterior and the 
posterior pituitary. Other dysfunctions are pituitary infarction, lymphocytic 
hypophysitis, nonsecreting adenomas (ACTH, TSH, LH, FSH) and secreting 
tumors (prolactin, growth hormone) of the anterior pituitary, craniophar- 
yngeomas, and metastases. The most frequent tumors are prolactin-secreting 
adenomas. 

Prolactinomas are the most common adenomas. They can be subdivided 
into micro- and macroprolactinomas. In the case of microadenomas, serum 
concentrations will not exceed 250 ng/ml. In macroadenomas, serum levels will 
normally range between 250 and 1000 ng/ml. Therapy depends on concomitant 
symptoms (other pituitary functions, compression of the chiasma opticum). In 
many cases of microprolactinoma, treatment with dopamin agonists is suffi- 
cient. For macroprolactinomas, transphenoidal adenomectomy or hypophy- 
sectomy may be required. 

Latent or manifest hypothyroidism is a frequent cause of functional hy- 
perprolactinemia (mostly < 50 ng/ml). For this reason, the thyroid function 
should be normalized before dopamin agonists are administered. This is 
particularly important if cyclic disorders, i.e., anovulation or luteal phase 
disruption, are present. 

Sheehan syndrome, named after the physician who first described it, is 
characterized by acute necrosis of the anterior pituitary due to postpartal 
bleeding as a result of shock. In most cases, the posterior pituitary is involved. 
However, manifest diabetes insipidus is rarely found. Symptoms are very 
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varied and depend on the extent of pituitary dysfunction. Spontaneous im- 
provement of the resulting hypopituitarism has been described. The individual 
dysfunctions of the pituitary can be tested by stimulation with the corre- 
sponding releasing hormones (GnRH, TRH, CRH). 



The Ovaries 

Morphology of the Ovaries 

The reproductive function of the ovaries is critically influenced by three 
morphologically and functionally distinct compartments: the granulosa cell 
compartment, the theca cell compartment, and the immune system (third 
compartment). 

The granulosa cell compartment is a multifunctional heterogeneous system. 
A basement membrane separates the oocyte and surrounding granulosa cells 
from the surrounding stroma and the theca cell compartment. The granulosa 
cell layer does not have a direct vascular supply (at least until a few hours 
before ovulation). Communication and interchange among the cells of this 
compartment take place through numerous gap junctions. Additionally, the 
granulosa cells have cytoplasmic extensions that form gap-junction-like con- 
nections with the oocyte plasma membrane. Granulosa cells are functionally 
and morphologically diverse. Three layers of granulosa cells surround the 
oocyte: the mural cells, the antral cells, and the cumulus cells. The mural cells 
are closest to the basement membrane and display the highest metabolic ac- 
tivity, as indicated by activity studies of 3(3-hydroxysteroid dehydrogenase, 
glucose-6-phosphate dehydrogenase, and cytochrome P450 (Zoller and Weisz 
1979a,b). The mural granulosa cells also are rich in LH receptors. The cumulus 
cells, by contrast, have no cytochrome P450 activity and thus have no ar- 
omatase activity. The relative paucity of LH receptors and low LH reactivity of 
the cumulus cells compared with the mural granulosa cells suggests that the 
cumulus cell mass may function as a stem cell reservoir. This view is supported 
by the fact that cumulus granulosa cells replicate in a very undifferentiated 
state. The antral cells (granulosa cells lining the antrum) have not been asso- 
ciated with a specific function. 

The capacity of the theca cell layer for androgen production was first de- 
monstrated by Falck et al. (1962). The de novo synthesis of androgens by theca 
cells has been confirmed by subsequent investigations (Ryan and Petro 1966; 
Rice and Savard 1966). Androgen -producing cells occur in the loose connective 
tissue of the ovarian cortex and medulla. 

Macrophages constitute the third cellular component of the human ovary 
(Hume et al. 1984). They are constantly present and do not vary with the 
phases of the cycle. Although the importance of this third compartment is still 
unclear, studies indicate that the macrophages may provide for additional local 
regulation by the secretion of cytokines such as interleukin- 1 and tumor ne- 
crosis factor ot (Adashi 1989). Moreover, macrophages can secrete growth 
factors such as basic fibroblast factor and transforming growth factor ot and |3. 
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These substances are produced by granulosa cells and can exert autocrine and 
paracrine actions. 

Macrophages are virtually the only components of the leukocyte series that 
are present during the early phase of follicular development. This changes 
quickly when a massive infiltration of the ovarian stroma by leukocytes occurs 
in the preovulatory phase (Parr 1974). Studies have shown that mast cells 
accumulate rapidly in the late follicular phase and then degranulate at a point 
coinciding with the LH surge (Krishna and Terranova 1985; Murdoch and 
Cavendar 1987). The resulting follicular hyperemia (Szego and Pitin 1964; 
Krishna et al. 1986) not only appears to play a role in the subsequent luteal 
phase (Cavendar and Murdoch 1988) but also initiates a sequence of events 
that are similar to an inflammatory response (Espey 1980), marked by an influx 
of eosinophils and T-lymphocytes. The follicular hyperemia is initiated by 
histamine (Morikawa et al. 1981) and intensified by prostaglandin E 2 . Both 
substances cause an increase in vascular dilatation and permeability. 

It has been shown in laboratory animals that the corpus luteum secretes a 
chemotactic agent that attracts infiltration by eosinophilic leukocytes (Mur- 
doch 1987; Murdoch and Cormick 1989). Murdoch et al. (1988) postulate an 
immunological induction of luteolysis in which degeneration of the corpus 
luteum is effected by cytotoxins secreted by eosinophilic leukocytes. 

Most observations pertaining to cells of the immune system indicate that 
these cells have a significant potential for exerting regulatory, initiatory, and 
modulatory effects on processes during the menstrual cycle. However, it is very 
likely that these cells are targets for steroidal and peptidergic influences. 
Moreover, it has been shown in animal studies that macrophages, for example, 
can influence steroid metabolism by their ability to synthesize steroids (Rey- 
nolds et al. 1981; Milewich et al. 1982). 

Recent discoveries support the view that endocrinological processes cannot 
be considered separately from immunological changes. It appears that pro- 
found mutual effects take place between the endocrine and immune systems 
even in physiological regulatory processes. 



Development of the Ovaries 
Embryonic Development 

The primordial germ cells originate in the endoderm of the yolk sac at the 
caudal end of the embryo. Staining techniques can demonstrate primordial 
cells at this site by only the third week of gestation (Baker 1963). These cells 
migrate to the genital ridge by means of pseudopid-assisted ameboid move- 
ments (Witschi 1948). It appears that germ cells are unable to exist outside the 
genital ridge. Apparently this is the only body region that is capable of gonadal 
development. Moreover, germ cells are essential for inducing the formation of 
gonads; a gonad anlage does not form in the absence of germ cells. 
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Number of Germ Cells in Various Stages of Development 

The premeiotic germ cells that arrive at the genital ridge by about 5 weeks’ 
gestation are termed oogonia (Baker and Franchi 1962). For the next 2 weeks 
(the indifferent stage) the gonadal anlage is a mere prominence in the medial 
part of the urogenital ridge. It develops from proliferating germinal epithelium 
and mesenchyme and by the division of oogonia. By the 6th or 7th week of 
gestation approximately 10 000 oogonia are present in the primitive gonad. The 
oogonia multiply entirely by mitosis. The initial structures of the future gonads 
become apparent at this stage, with differentiation of the gonadal cortex and 
medulla. 

There are approximately 600 000 oogonia by about the 8th week of gestation 
(Ohno et al. 1962). From this point on the fate of the germ cells depends on 
three concomitant processes: mitosis, meiosis, and oogonal atresia. This means 
that the onset of oogonal meiosis and atresia overlaps with mitotic divisions. 
The maximum number of germ cells, approximately 7 million, is reached by 
the 20th week. Thereafter the rate of mitosis steadily declines until the 7th 
month of pregnancy, when mitosis ceases to occur. Meanwhile, oogonal atresia 
increases and becomes maximal in about the 5th month. 

Oogonal atresia ceases by the 7th month, and oogonia are no longer present 
in the ovary after that time. All surviving oogonia undergo meiosis, leading to 
the development of primordial follicles. At this time follicular atresia super- 
sedes oogonal atresia. The process of follicular atresia reduces the germ cell 
population to about 1-2 million by birth. This number declines further with 
aging, reaching about 300 000 at puberty (i.e., at the start of the reproductive 
period). Thus, the female has already lost 80% of her germ cells while still in 
utero. 

Meiosis starts in about the 8th week of intrauterine life when the cells, now 
called primary oocytes, arrest in the prophase of the first meiotic division. A 
primordial follicle thus consists of an oocyte that is surrounded by a single 
layer of granulosa cells and is arrested in the prophase of meiosis. The exact 
cause of the arrested meiosis is unknown, but it is assumed that among others 



Table 3. Number of germ cells from the embryonic stage to puberty. In the reproductive years 
of a woman, only 400-500 oocytes reach ovulation 



Week of 
gestation 


Stages 


Number of 
germ cells 


Author 


3/4 


Primordial germ cells in 
the entoderm of the yolk sac 




Baker et al. 1963 


5-6 


Premeiotic cells: oogonia 


~ 10000 


Baker and Franchi 1962 


8 


Propagation by mitosis 


600000 


Ohno et al. 1962 


8-20 


Mitosis, meiosis, atresia 
Maximum at week 20 


6-7 000000 




20-40 


Reduction of oozytes 
(80% of germ cells are lost) 


1-2 000000 


Himelstein-Braw et al. 
1976 


Birth to 
puberty 


Further oocytes are lost by atresia 


300000 


Franchi et al. 1962 
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a factor produced by the granulosa cells (meiosis inhibitor) is responsible. This 
hypothesis is based on the observation in in vitro fertilization programs that 
oocytes that have been freed from the surrounding granulosa cells resume 
meiosis spontaneously. 

The onset of meiosis does not coincide in all oogonia and offers protection 
from degeneration through oogonal atresia. A distinction is drawn between 
oogonal atesia and follicular atresia, with the development to a primordial 
follicle providing a safeguard against oogonal atresia. This protection is only 
temporary, however. With meiosis and the development of granulosa cells 
around the primary oocyte, primordial follicles are generated whose numbers 
are further reduced by follicular atresia. Oogonia that do not undergo meiosis 
by the 8th month of gestation are lost to atresia, so the adult ovaries are 
completely devoid of oogonia. Ultimately only about 400-500 oocytes ovulate 
during a woman’s reproductive years. This is less than 1% of the original 
population of germ cells (Table 3). 



Table 4. Folliculogenesis: definitions (from Gougeon 1986) 



Name 


Size (mm) 


Stage of development 


Primordial germ cell 




Original cell from the entoderm (detectable 
from the 3rd week of pregnancy) migrates to 
genital ridge 


Oogonium 




Arrival in genital ridge (5th week of 
pregnancy) 


Primordial follicle and oocyte 


0.03-0.06 


Oogonium enters meiosis I (oocyte) and a 
single layer of epithelial cells forms around 
the oocyte 


Primary/secondary follicle 


0.06-0.12 


Single epithelial cell layer differentiates into 
single-line, cubic layer of epithelial cells 
around oocyte 


Preantral follicle (Class 1) 


0.12-0.2 


Formation of multiple layers of epithelial cells 
by mitotic activity and beginning 
differentiation of the epitheloid theca 
interna; gonadotropins begin to have an 
effect 

-Formation of a liquid-containing cavity: 
antrum (liquor folliculi) 


Early antral follicle (Class 2) 


0.2-0.4 


Gradual emergence of a cumulus oophorus on 
the margin of the follicle and increase in 
antral size 


Class 3 follicle 


0.4-0.9 


Continued development of theca and 
granulosa cell layers and of the antrum 


Class 4 follicle 


0.9-2 


Continued development of theca and 
granulosa cell layers and of the antrum 


Class 5 follicle 


2-5 


Continued development of theca and 
granulosa cell layers and of the antrum 


Class 6 follicle 


5-10 


Follicle size at the time of recruitment in the 
late luteal/early follicular phase 


Class 7 follicle 


10-16 


Dominant preovulatory follicle 


Class 8 follicle 


16-20 


Ovulatory follicle 
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Fig. 10. Stages of folliculogenesis from the primordial to the preovulatory follicle. The 
follicles are divided into eight classes based on the number of granulosa cells. (From 
Gougion 1986) 

Development of Follicles from the Primordial to the Mature Stage 

Gougeon (1986) states that ovarian follicles can be divided into classes based 
on the number of granulosa cells (Table 4, Fig. 10), and that these classes 
correspond to the various stages of follicular development. Analysis further 
shows that follicles of any size and granulosa cell content can be found at any 
given point in the cycle, and that the numbers of preantral follicles are more or 
less constant, implying that the entry of follicles into this class occurs in a 
succession of waves or cohorts (Fig. 9). 

The development of oocytes in the ovary is partly gonadotropin-dependent 
and partly gonadotropin-independent. The gonadotropin-independent process 
concludes as the epitheloid cell layer around the follicle differentiates into the 
theca interna, marking the progression of the secondary follicle to the preantral 
stage. With the development of the thecal layer, the follicle is able to respond to 
gonadotropin stimulation and becomes subject to the effects of cyclic gona- 
dotropin changes (Fig. 11, Table 4). 

This entry of follicles into the preantral stage (class 1) occurs several days 
after ovulation in the early luteal phase (days 15-19) following high midcycle 
serum levels of estrogens and gonadotropins. It is known that these hormones 
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primary follicle 




promote the differentiation of the theca interna (Rao et al. 1978). Twenty-five 
days later, between days 11 and 14 of the next cycle, this cohort of follicles 
enters into class 2 (0.2-0.4 mm), accompanied by the initial appearance of an 
antrum. This transition occurs simultaneously in both ovaries. Elevated serum 
levels of estradiol and FSH promote the initation of antrum formation 
(Goldenberg et al. 1972; Richards 1975). 

Further follicular growth after this stage becomes more complex due to dif- 
ferences between the ovary bearing the corpus luteum of the previous cycle and 
the contralateral ovary. Due to the higher mitotic index in the ovulatory ovary, 
the transit to the next class occurs about 5 days later in this ovary (late luteal 
phase, days 25-28) than in the contralateral ovary (early follicular phase, days 1- 
5 of the next cycle; Gougeon 1986). As a result, follicles take 20 days to pass 
through class 2 in the ovulatory ovary and about 25 days in the opposite ovary. 
This asynchrony explains the alternating ovulation in the right and left ovaries. 

The remaining stages progress simultaneously in both ovaries, with follicles 
passing through class 3 (0.3-0.9 mm) in 15 days, class 4 (0.9-2.0 mm) in 10 
days, class 5 (2-5 mm) in 5 days, class 6 (6-10 mm) in 5 days, and class 7 (10- 
16 mm) in 5 days. The follicle cohort enters class 5 in the late luteal phase 
(days 25-28). Here they enter into the cycle in which one follicle in the cohort 
becomes the dominant follicle that is destined to ovulate. The further process 
of recruitment, selection, and dominance is described in the last section of this 
chapter (Fig. 12). 



Oocyte 

The primary oocyte remains in the prophase of the first meiotic division until 
the LH surge prior to ovulation. In response to the LH surge the first ma- 
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First cycle Second cycle Third cycle 

Fig. 12. Folliculogenesis. The progression from a preantral to a preovulatory follicle 
spans three menstrual cycles, the transition from one class to the next always occurring 
in particular phases of the cycle. The diagram traces the development of a single cohort 
of follicles, with one cohort entering the growth phase in each cycle. This explains why all 
developmental stages (classes) of follicles are found in histological examinations of 
premenopausal ovaries. (From Gougeon 1986) 



turation division proceeds to completion, and the first polar body is formed. 
This marks the transition from the primary to the secondary oocyte. 



Ovulation 

When ovulation occurs, the oocyte with its surrounding granulosa cell mantle 
is expelled and picked up by the uterine tube. The penetration of a sperma- 
tozoon induces a second meiotic division of the oocyte, leading to release of the 
second polar body and the formation of a true haploid oocyte, whose genetic 
material forms the female pronucleus. 



Regulation of Ovarian Activity 

The selection of a single follicle for ovulation relates closely to its capacity for 
gonadotropin-induced estrogen biosynthesis (Hillier et al. 1981). The integrity 
of this follicular estrogen production depends on the interaction between the 
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theca and granulosa cells. The function of both cell types is controlled by 
endocrine, paracrine, and autocrine mechanisms (Erickson 1982; Hsueh et al. 
1983). As tropic hormones, LH and FSH can influence the timing of growth and 
maturational processes in the ovary and thus can modify the ovarian micro- 
environment (Goodman and Hodgen 1983). 



Two-Cell Theory 

The two-cell or two-compartment theory correctly describes the interaction 
between thecal interstitial cells and granulosa cells, and thus between gona- 
dotropins and steroids, but it is incomplete because it disregards various 
paracrine and autocrine factors that were discovered in recent years. This 
section completes the model by adding to it the various new regiflators. The 
“third compartment,” which is still being investigated, consists of im- 
munological elements that establish a functional link between endocrine pro- 
cesses and the immune system. 

The sole target of FSH is the granulosa cell. By contrast, LH has multiple 
sites of action depending on the phase of the cycle: theca cells, stromal cells, 
granulosa cells, and luteal cells (Erickson 1982). 

Follicular development relies on a synergistic interaction of gonadotropins 
(FSH and LH), steroids (androgens and estrogens), and autocrine and para- 
crine factors that exert their effects through specific receptors on the theca and 
granulosa cells. 



Actions of FSH 

The effects of FSH are strongest at the end of the previous cycle and for the first 
days of the follicular phase. The granulosa cells of the ovarian follicle have 
receptors for FSH. The importance of FSH for follicular growth is based on 
various concurrent actions: 

- The main action of FSH is to induce the aromatase activity of the granulosa 
cell (Dorrington et al. 1975). In the presence of aromatizable androgens 
(androstenedione, testosterone) this leads to a rise of the estradiol level first 
in the follicle and then in the peripheral blood. 

- Rising intraovarian and peripheral FSH levels lead to an up-regulation of 
FSH receptors on granulosa cells (positive feedback; Dorrington and Arm- 
strong 1979). 

- FSH promotes the proliferation of granulosa cells (Peluso and Steger 1978). 
The estrogenic environment induced by FSH (rising estradiol) exerts the 
strongest mitogenic action on the granulosa cells. This leads to a further 
overall rise in aromatase activity and an expotential rise in peripheral es- 
tradiol concentrations. 

- FSH induces the formation of LH receptors on granulosa cells (Erickson et 
al. 1979). This action is intensified by estradiol, progesterone, testosterone. 
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androstenedione, and LH (Rani et al. 1981). The LH receptor requires the 
constant presence of FSH. 

- The pituitary secretion of FSH is regulated by negative feedback from the 
rising serum levels of estradiol and inhibin. 

Estradiol stimulates all FSH functions through a paracrine action (Hsueh et 
al. 1983), including the increase of aromatase activity (Adashi and Hsueh 
1982). Initially, FSH stimulates a progressive increase in the number of FSH 
receptors but has no effect on the LH receptor concentration. However, as FSH 
receptors are exposed to a rising concentration of endogenous estradiol, the 
number of FSH receptors increases more rapidly. This is followed by a delayed 
but significant induction of LH receptors. Thus estradiol promotes the ability 
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of FSH to increase the concentration of its own receptor and, later, that of LH 
(Figs. 13, 14) The synergistic relationship between FSH and estradiol creates a 
positive intraovarian autoregulatory mechanism that stimulates the rapid di- 
vision of granulosa cells and thus is responsible for follicular growth. 



Actions of LH 

LH is important for all phases of the menstrual cycle. In the follicular phase 
androgens are secreted under the influence of LH to provide a substrate for 
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estrogen production by the theca cells. Animal studies have shown that LH is 
necessary for the progression of small antral follicles to the preovulatory stage 
(Richards et al. 1980; Richards and Bogvich 1982). The LH surge at midcycle 
induces completion of the first meiotic division of the oocyte. Following its 
peak, LH maintains the luteal production of progesterone. 

The theca interna has specific receptors for LH but not for FSH. Activation 
of steroidogenesis via LH receptors on the theca cell leads predominantly to the 
formation of androgens (androstenedione, testosterone). Much as with adre- 
nocorticotropin in the adrenal cortex, LH catalyzes side chain cleavage of the 
cholesterol molecule. LH induces the key enzymes of steroidogenesis: 17a- 
hydroxylase and 17, 20-desmolase. The increased androgen production by the 
theca compartment provides a substrate for aromatization. The androgens 
diffuse into the follicular fluid and are aromatized by the granulosa cells to 
estrogens (Erickson 1982; Dorrington and Armstrong 1979; McNatty et al. 
1979a). Minimal aromatization can also occur in the theca cells. The interac- 
tion of the two cell types is necessary for estrogen secretion to occur (McNatty 
et al. 1979a; Ryan and Petro 1966). 

The LH receptors present on granulosa cells are responsible for progester- 
one production (Welsh et al. 1983; McNatty et al. 1979a). While FSH, in the 
presence of estradiol, increases the receptors for FSH and LH in the granulosa 
cells of the growing follicle, LH leads to a reduction in the number of receptors 
for FSH, LH, and estradiol in connection with the luteinization process (Ri- 
chards et al. 1976). 



Estrogens and Androgens 

The androgens in the granulosa cell undergo either aromatization or 5a re- 
duction. It appears that the interaction between the granulosa and theca cell 
compartments in the follicle leading to accelerated estrogen production is not 
fully operative until the late stage of antral development. Granulosa cells from 
human preantral follicles show a higher 5a-reductase activity than aromatase 
activity, with the result that predominantly 5a-reduced androgen metabolites 
(e.g., 5a-dihydrotestosterone) are produced (McNatty et al. 1979b). Granulosa 
cells from large antral follicles, on the other hand, have substantial aromatase 
activity. 

The establishment of an estrogenic intrafollicular milieu appears to be an 
essential factor in the autoregulation of the follicle. The fate of the follicle 
depends largely on its ability to produce estrogens, especially in terms of the 
selection and maintenance of a dominant follicle (McNatty et al. 1979b; Hillier 
et al. 1980; Fig. 15). 

The increasing estrogen production suppresses FSH secretion and thereby 
inhibits the maturation of other follicles (Zeleznik 1981). At this time the 
number of FSH receptors per cell and the number of granulosa cells (i.e., the 
ability of the follicle to secrete estrogens) have a critical bearing on further 
follicular growth. By chance, one of the recruited follicles acquires a growth 
advantage (more FSH receptors, greater ability to aromatize androgens), and 
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Fig. 15. Intrafollucular estrogen-androgen shift in the follicular phase 



through higher estrogen and inhibin secretion and other paracrine and en- 
docrine factors it creates intraovarian hormonal conditions that promote a 
wave of atresia among the lesser follicles due to deficient aromatization. 

The continuation of estrogen secretion by the dominant follicle despite a 
falling peripheral FSH concentration may result from a compensatory ability of 
intrafollicular estrogen to increase FSH-induced aromatase activity. This au- 
toregulatory role of intrafollicular estrogen is based largely on the results of in 
vitro studies showing that follicular estrogens exert a paracrine action. Of 
special importance is local positive feedback from the estrogens, which sustain 
the dominance of the selected follicle by stimulating an increase in their own 
production (Hsueh et al. 1983). The role of androgens in early follicular de- 
velopment is complex. Because nonaromatized androgens such as 5ot-dihy- 
drotestosterone inhibit aromatase activity (Hillier et al. 1980), a more 
androgenic milieu leads to atresia in a portion of the recruited follicles. The 
fate of the preantral follicle, then, depends critically on the balance of the local 
androgen and estrogen concentrations, which is determined by the ratio of the 
5a-reductase and aromatase activities. 

Androgens, in addition to their importance as a substrate for aromatization, 
exert a number of receptor-mediated effects on the granulosa cells: 

- Low androgen concentrations can enhance the FSH-mediated induction of 
aromatase (Daniel and Armstrong 1980; Hillier and DeZwart 1981). 

- High intrafollicular concentrations of 5ot-reduced androgens act as potent 
inhibitors of aromatase activity (Hillier et al. 1980). 
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- The administration of 5a-dihydrotestosterone in vitro or in vivo abolishes 
the ability of FSH to induce LH receptors (Farookhi 1980). 

- Androgens promote progesterone biosynthesis (Armstrong and Dorrington 
1976; Lucky et al. 1977). 

On the whole, androgens play an important regulatory role in the process of 
follicular development, although we do not yet fully understand the manner in 
which their various effects are produced. 



Progesterone 

Serum progesterone levels are low before the preovulatory LH surge. Proges- 
terone secretion can be detected in ovarian venous effluent on about day 10 of 
the menstrual cycle. With the onset of the LH surge a slight rise in proges- 
terone is also observed. The preovulatory progesterone rise not only supports 
the positive feedback effect of estrogens on LH secretion but is also responsible 
for the midcycle rise in FSH (Batista et al. 1993). 

Although peripheral progesterone levels remain constant during the folli- 
cular phase, the progesterone concentration in the follicular fluid starts to rise 
in the midfollicular phase. It is thought that the granulosa cells secrete pro- 
gesterone into the follicular fluid in response to LH stimulation. This does not 
change the preovulatory peripheral concentration of progesterone. Progester- 
one levels are about 290 ng/ml in the fluid of the tertiary follicle and about 
7000 ng/ml in the fluid of the mature follicle (Breitenecker et al. 1978). 

The peripheral progesterone level starts to rise one day before ovulation. It 
attains a broad-based peak during the luteal phase, reaching serum levels 
higher than 10 ng/ml. This is more than 20 times the average basal proges- 
terone serum level measured in the follicular phase. 

The serum levels closely mirror the development and regression of the 
corpus luteum and are subject to circadian variations (Runnebaum et al. 1972). 
The peripheral serum concentrations of 17oc-hydroxyprogesterone and 20ot- 
dihydroprogesterone are higher in the luteal phase than in the follicular phase. 



Insulin-Like Growth Factors 

IGF-I and IGF-II are two homologous, single-chain polypeptides of low mo- 
lecular weight. They display remarkable structural and functional similarities 
to insulin (see Aitken et al., this volume). 

IGF-I is synthesized in the liver under the control of GH but is also found in 
many extrahepatic tissues including the ovaries. The secretion of IGF-I from 
the liver has been demonstrated by clinical studies in humans (Takano et al. 
1977; Bala et al. 1981). A GH-dependent site of synthesis has not yet been 
identified for IGF-II. IGF-I and IGF-II are bound with high affinity to specific 
binding proteins, which thus regulate their bioavailability. 

IGF-I and IGF-II have been detected in human follicular fluid (Geisthoevel et 
al. 1989, 1990). Various studies suggest that human ovaries synthesize IGF-I, 
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IGF-II, and binding proteins, have receptors for these factors, and also function 
as a site of action for the IGFs (Geisthovel et al. 1990; Voutilainen and Miller 
1987; Suikkari et al. 1989a,b; Koistinen et al. 1990). Human preovulatory 
granulosa cells appear to express IGF-II but not IGF-I (Geisthovel et al. 1990), 
while theca cells synthesize IGF-I (Hernandez et al. 1988). 

Receptors for IGF-I, IGF-II, and insulin have been demonstrated in human 
ovaries (Poretsky and Kalin 1987). IGFs cross-react with one another and with 
insulin. 

The serum concentrations of IGF-I are subject to pituitary control by GH 
secretion. Its bioavailability is regulated by binding proteins. The synthesis of 
these binding proteins concides with IGF synthesis to a degree, while some of 
their synthesis is independent of the IGFs. In contrast to IGF-I, the secretion of 
IGF-II does not appear to be growth-hormone-dependent (Zapf et al. 1981). 

IGFs can exert endocrine, paracrine, and autocrine actions on the ovary. 
Growth-hormone-stimulating IGF-I synthesized in the liver can act via re- 
ceptors on granulosa and theca cells (Geisthovel et al. 1990). The ovarian 
action of IGFs is regulated by locally produced IGF binding proteins. Recent 
studies (Geisthovel et al. 1990) suggest that IGF-I has mainly endocrine activity 
while IGF-II exerts endocrine, paracrine, and autocrine actions. IGF-I exerts its 
effects in human granulosa cells by binding to insulin and IGF-I receptors 
(Portesky and Kalin 1987). IGFs produce the following effects in theca and 
granulosa cells (Erickson et al. 1989; Zhiwen et al. 1987; Geisthovel et al. 1990): 

- Increase the FSH-induced up-regulation of LH receptors on the granulosa cell 

- Enhance the aromatase activity of the granulosa cell 

- Directly increase progesterone synthesis by the granulosa cell 

- Increase inhibin secretion by the granulosa cell 

In summary, as a general rule, IGFs act to increase both FSH- and LH- 
mediated actions on granulosa and theca cells. Almost all studies to date have 
dealt with granulosa cells in rats or swine. The degree to which the results of 
these (in vitro) studies can be applied to humans is unclear. It is also unclear 
whether the action of IGFs is necessary for normal reproductive function. 
Women with Laron-type dwarfism, which is caused by an absence of IGF 
secretion with normal levels of GH, have normal menstrual cycles. 



Pathophysiology of the Ovarian Function 

Ovarian function is inextricably linked to the hypothalamic-pituitary-ovarian 
feedback mechanism. In nearly all cases, disorders of ovarian function are 
secondary in nature or the exact cause cannot be determined. The only primary 
ovarian disorder leading to anovulation is premature ovarian failure, which is 
only pathological in that it occurs earlier than normally, i.e., before the age of 50. 

The polycystic ovarian syndrome (PCO) is a very heterogeneous condition. 
The only invariable presentation is subcortical ovarian cysts confirmed on 
ultrasound, combined with a central stroma of higher than normal echogeni- 
city. The syndrome was originally described by Stein and Levethal in 1935 as a 
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triade of obesity, amenorrhea, and enlarged ovaries, and it has still not been 
possible to arrive at a uniform definition it. Women with polycystic ovaries as 
seen on ultrasound may either have ovulatory cycles with a normal luteal 
function or suffer from secondary amenorrhea. Hyperandrogenism is nearly 
always found in patients with oligo- or amenorrhea. Some of the patients are 
insulin resistant. In patients with PCO, the primary disorder may originate 
from the hypothalamus (increased LH/FSH ratio) or the adrenal (adrenal hy- 
perandrogenism due to late-onset enzyme defects), or it may be of a peripheral 
nature (insulin resistence) or of ovarian origin (disturbed auto- or paracrine 
regulation). In many oligoamenorrheic patients with PCO, however, changes in 
all these organ systems are found. 

Patients with PCO who have completed their family are treated with es- 
trogen-antiandrogen combinations to prevent progression of the disease. In 
anovulatory patients with PCO who desire to have children, stimulation with 
clomiphene or low-dose gonadotropins is recommended. Especially low-dose 
stimulation with pure FSH (37.5 I.U. from days 3-4 of the cycle) is suitable for 
patients with an increased LH/FSH ratio. If the serum levels of LH are elevated, 
pretreatment with GnRH analogues for 3 months can improve the pregnancy 
rate by suppressing serum LH. It is assumed that increased LH has a negative 
impact on oocyte maturation, leading to lower pregnancy and higher abortion 
rates. 

If drug treatment has failed, laparoscopic procedures such as the cauter- 
ization of ovarian cysts or laser coagulation may be used. Recent studies show 
a very high success rate, but the mechanism of action is not fiilly understood. 
The innervation of the ovaries, which has been known for a long time to be 
vegetative, may play a role. Further, the internal hormonal milieu of the ovaries 
may be improved by reducing the androgen-producing tissue and/or the 
evacuating multiple cysts. 

The provocation of adhesions (bleeding, peritoneal injury) must be strictly 
avoided during the operation. During stimulation treatment, patients with 
hyperandrogenism and particularly those with hyperandrogenemic ovarian 
insufficiency are at an increased risk of hyperstimulation, multiple pregnancy, 
and early abortion. Even under therapy, pregnancy rates are significantly lower 
than in patients with hypogonadotropic ovarian insufficiency. 

Especially PCO patients with hyperandrogenemic amenorrhea are suscep- 
tible to cardiovascular disease. 



Summary of Findings Relevant for Reproductive Medicine 

There are only a few measurable serum parameters which are important for 
fertility therapy (Table 5). 

Pituitary/Hypothalamus. In order to diagnose hypothalamic/pituitary disorders, 
it is norm^y sufficient to measure LH, FSH and prolactin in the early follicular 
phase. Increased serum concentrations are either due to ovarian insufficiency 
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Table 5. Important findings for therapy of patients with ovulatory and cyclic disorders. The 
normal ranges specified vary between laboratories 


Organ 


Diagnostic measure 


Finding 


Consequence 


Hypothalamus 


No specific diagnosis 


- 


- 


Anterior pituitary 


LH 


Normogonadotropic 

Hypogonadotropic 

Hypergonadotropic 


Normal 

Hypothalmic-pituitary 

disorder 

Ovarian insufficiency, 
hyposensitive ovaries 




FSH 


Normogonadotropic 

Hypogonadotropic 

Hypergonadotropic 


Normal 

Hypothalmic-pituitary 
disorder; stimulation 
with HMG 

Ovarian insufficiency, 
hyposensitive ovaries 




LH/FSH 


< 1,5 -2 
> 1,5 -2 


No intervention 
preferably stimulation 
with FSH, ovarian 
ultrasound 




Prolactin 


Normal 

Elevated 


No intervention 
Further diagnosis 

- TRH Test 

- Dopamin agonists 

- Surgery 


Posterior pituitary 


No specific diagnosis 


- 


- 


Hypothalamus/ 


TSH at baseline and 




Normal; no inter- 


thyroid 


after TRH T3, T4 


Latent hypo- 
thyroidism 
Manifest hypo-/ 
hyperthyroidism 


vention 

L-Thyroxin 

Further diagnosis, 
referral to internal 
specialist 


Pineal gland 


No specific diagnosis 


- 


- 


Ovaries 


Estradiol (days 3-5 of 
cycle) 


> 40-50 pg/ml 


Normal 




Progesterone luteal 
phase 


>10 ng/ml 


Normal 




(2-3 measurements) 


<10 ng/ml 


Luteal phase disorder 




Testosterone 


Normal 
<1,5 ng/ml 
>1,5 ng/ml 


No intervention 
Ovarian ultrasound 
Suspicion of tumor, 
further diagnosis 




Ultrasound 


Normal 

Polycystic 


No intervention 
Further diagnosis, low- 
dose FSH-Stimulation 


Adrenal 


DHEAS 


< 5 |ig/ml 
5-7 ng/ml 

> 7 pg/ml 


No intervention 
Adrenale hyperandr- 
ogenemia, low-dose 
corticoids 

Suspicion of tumor, 
further diagnosis 
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or hyposensitive ovaries. An increased LH/FSH ratio is common in patients 
with polycystic ovaries associated with oligo- or amenorrhea. 

When the patient is found to have increased prolactin levels, the first ques- 
tion to ask is whether she is taking any prolactin-increasing drugs. In addition, 
(latent) hypothyroidism should be excluded using a TRH test. If it is diagnosed, 
it should be treated first. Dopamin agonist therapy should only begin if pro- 
lactin levels fail to return to normal after normalization of the thyroid function. 
Serum prolactin levels between 50 and 250 ng/ml suggest a microprolactinoma, 
while levels above 250 ng/ml are indicative of a macroprolactinoma of the 
pituitary. Most patients with hypothyroidism have serum prolactin levels below 
50 ng/ml. Prolactin should be measured in the early follicular phase. Stimula- 
tion tests, e.g., with TRH or metoclopramide, are not necessary. 

Thyroid. Although it is assumed that patients with latent or manifest hy- 
pothyroidism (baseline TSH levels normal but increased after TRH) suffer 
from reduced fertility, there are not many studies on this subject, so that no 
definitive conclusions can be drawn at the moment. However, the available 
data suggest an increased incidence of early abortion in patients with latent 
hypothyroidism (Gerhard et al. 1991). For this reason, a TRH test is re- 
commended before starting any infertility treatment or when the patient suf- 
fers from habitual abortion. T3 and T4 must be measured only if the TRH test 
is pathological. In all cases of hyperthyroidism or manifest hypothyroidism, 
treatment should be dispensed by or in cooperation with an internal specialist. 

Ovaries. Measurement of estradiol between days 3 and 5 of the cycle in com- 
bination with LH and FSH measurements will show whether estradiol secretion 
is adequate and the hypothalamic-pituitary-ovarian interaction is normal. 
Progesterone measurements in the luteal phase will help to determine the 
quality of the corpus luteum and should be made at least twice between the 
fourth and eighth hyperthermic day. 

Adrenal. Testosterone and DHEAS should be measured between days 3 and 5 of 
the cycle. These measurements allow the exclusion of hyperandrogenism and 
are especially useful in patients showing signs of virilism. An ACTH stimula- 
tion test is also suitable for further diagnosis of the adrenal, since an adrenal 
21 -hydroxylase defect can be discovered by measuring 17a-hydro- 
xyprogesterone. Hyperandrogenemic patients wishing to conceive should be 
given low-dose corticoids (e.g., 0.25-0.5 mg dexamethasone). 
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Historical Perspective 

The way from the first recognition of the physiological role of gonadotropic 
hormones to the development of preparations for treating human infertility 
was long, difficult, and full of intellectual challenges and technical obstacles. In 
the mid- 1920s Zondek and Smith independently but almost simultaneously 
discovered that gonadal function is controlled by the pituitary gland. Zondek 
(1926) and Zondek and Ascheim (1927) demonstrated that implantation of 
anterior pituitary causes a rapid development of sexual organs in immature 
animals. At approximately the same time Smith and his group showed that 
hypophysectomy results in a failure of sexual maturation in immature animals 
and in a rapid regression of sexual characteristics in adult animals (Smith 1926; 
Engle 1927). 

During the 1930s and 1940s gonadotropin extracts from various animal 
materials were prepared and applied for stimulation of ovarian function in 
humans. It was quickly realized, however, that these preparations were of very 
limited clinical value because nonprimate gonadotropins produce in the hu- 
man a rapid immunological response, neutralizing their therapeutic effect 
(Zondek and Sulman 1942; Leethem and Rakoff 1948). This focused scientific 
and technological efforts on extraction and purification of gonadotropins from 
human sources. During the years 1953-1955 Borth Lunenfeld and de Watteville 
(1954, 1957) demonstrated that extracts from human menopausal urine sti- 
mulate spermatogenesis and folliculogenesis in rodents, and speculated that 
these preparation may have important therapeutical applications. Thereafter 
intensive research in this area was simultaneously carried out in Italy, United 
Kingdom, Scotland, West Germany, Switzerland, and Sweden. In the late 1950s 
and early 1960s these efforts achieved by success. 

Gemzell and his coworkers reported the first successful induction of ovu- 
lation using human pituitary gonadotropin (HPG) in 1958 and the first preg- 
nancy in 1960 (Gemzell et al. 1958, 1960). These results were confirmed by 
Bettendorf et al. (1961). Unfortunately, the HPG preparation had to be with- 
drawn in the late 1980s because of the appearance of Creuzfeld- Jacob disease 
(Cochins 1990; Dumble 1992). In 1960 Lunenfeld and his group (Lunenfeld 
1960, 1963) reported follicular stimulation, ovulations, and pregnancies in 
anovulatory women using human menopausal gonadotropin (hMG). The hMG 
preparations available were only about 5% pure and contained both follicle- 
stimulating hormone (FSH) and luteinizing hormone (LH). However, since 
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there was no alternative, these were accepted both by the regulatory agencies 
and the scientific community. Large-scale clinical studies were then undertaken 
in numerous centers throughout the world, and their results reported in the 
literature. Of particular significance were the reports of Bettendorf (1963) and 
Gemzell (1964) who were able to induce ovulation and pregnancy in hypo- 
physectomized women. 

The introduction of rapid and reliable hormonal assays, and later the 
availability of ultrasound scanners enabling visualization and measurement of 
ovarian follicles, made monitoring of gonadotropin therapy more accurate and 
objective and improved the results of treatment. In the 1980s the large scale in 
vitro fertilization (IVF) programs used the principles developed for and the 
experience gained from induction of ovulation in anovulatory women and 
added new important insights to the understanding of the mechanism of 
controlled ovarian hyperstimulation induced by gonadotropins. Table 1 sum- 
marizes the most important milestones of the long path from the discovery of 
the gonadotropic principle to controlled hyperstimulation as a major tool for 
the treatment of infertility. 

Induction of ovulation with human gonadotropins has been an integral part 
of the routine work of many fertility clinics for more than 30 years. During this 
time numerous reports describing in great detail all aspects of gonadotropin 



Table 1. Milestones of developments leading to efficient treatment of female infertility 



1926-1927 Discovery of the pituitary hormone controlling ovarian function 
1955 Clinical use of urinary hormone assays (steroids and gonadotropins) 

1959 Extraction and purification of gonadotropins from human pituitaries and 

menopausal urine 

1961 Introduction of clomiphene citrate 

1965 Wide-scale clinical use of gonadotropins and clomiphene 

1968 Development of the first therapeutically oriented classification of anovulatory 

states 

1970 Routine use of radioimmunoassays for estimation of hormone levels 

1971 Isolation, determination of structure, and laboratory synthesis of GnRH 

1972 Introduction of prolactin assays 

1973-1976 Reports on pregnancies induced by GnRH therapy 
1974 Development of prolactin-inhibiting drugs 

1978 Discovery of pulsatile nature of GnRH secretion 

1979 Ultrasound imaging of ovarian follicles 

Introduction of pulsatile GnRH therapy 
Delivery of the first test-tube baby 
1982 Introduction of GnRH analogues for clinical use 

Introduction of purified FSH for ovulation inducing therapy 

1984 Routine clinical use of IVF-ET and GIFT programs 

1985 Application of combined pituitary suppression/ovarian stimulation therapy for 
the treatment of different types of fertility disturbances 

1989 New therapeutically oriented classification of anovulatory states 

1991 Trials of combined growth hormone/gonadotropin therapy in poor ovulation 

induction responders 

1993 Empirical introduction of micromanipulation procedures on gametes and 
zygotes 

1994 Introduction of recombinant gonadotropins for clinical trials 
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therapy have been published (Thompson and Hansen 1970; Insler and Lu- 
nenfeld 1974; Lunenfeld and Insler 1978; Brown 1986). Experimental and 
clinical data obtained over the years also show that FSH is capable of in- 
creasing recruitment of small antral follicles, maintaining the normal devel- 
opment of multiple follicles to the preovulatory stage, and consequently 
enlarging the yield of fertilizable eggs. These findings prompted the use of 
gonadotropins as the preferred treatment modality in most IVF programs. 

With the use of gonadotropins for induction of superovulation in normally 
ovulating women, conceptual changes in the monitoring schemes had to be 
introduced. In attempting to induce ovulation in anovulatory women the 
principal aim is the development of a single dominant follicle. This approach 
has been directed at achieving ovulation and pregnancy in many patients while 
preventing multiple follicular growth, multiple pregnancies, and hyper- 
stimulation in most of them. In contrast, the conceptual idea of IVF, gamete 
intrafallopian transfer (GIFT), tubal embryo transfer (TFT), and in- 
tracytoplasmic sperm injection (ICSI) programs is to use a super-physiological 
dosage to obtain a large number of fertilizable eggs. For this purpose many 
different protocols have emerged, each with its own merits and disadvantages 
and all using ultrasound to estimate both the number and size of the growing 
follicles and estradiol assays to assess their functional integrity. 

Human urinary FSH as an alternative to hMG has become commercially 
available in the late 1980s. This offers theoretical advantages over hMG when 
used in induction of ovulation, particularly in patients with polycystic ovarian 
disease (PCOD). Because PCOD is characterized by abnormally elevated serum 
LH levels, the use of purified FSH is attractive since it contains virtually no LH. 
In recent years FSH has been used either in combination with hMG or as an 
alternative to hMG in many ovulation induction protocols, or in assisted re- 
production programs. Although many reports describing and comparing the 
clinical characteristics of ovulation induction with hMG and FSH have ap- 
peared in the literature, it is still unclear whether pure FSH is significantly 
more effective than hMG in induction of ovulation. However, there is con- 
sensus today that elevated levels of LH during the middle and late follicular 
phase may have adverse effects on fertilization and nidation, and it seems that 
preparations devoid of LH activity may increase life birth rates (Daya et al. 
1994, personal comunication). In the early 1990s a highly purified FSH pre- 
paration became available. This can be injected subcutaneously, self-ad- 
ministered, and have a higher saftey profile by being practically devoid of 
urinary proteins, which contaminated the earlier hMG and FSH preparations 
by up to 95%. We are now witnessing the appearance of recombinant FSH, LH, 
and human chorionic gonadotropin (hCG) preparations (rFSH, rLH, and 
rhCG) which will definitely replace urinary extracts in the very near future. 

This chapter discusses the main principles in the application and mon- 
itoring of gonadotropin treatment and summarizes the results and complica- 
tions of this therapy. 
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Chemistry, Pharmacokinetics, and Clearance 

During the past 30 years the major elements of the mechanism of action, 
control, and regulation of secretion of gonadotropins have been elucidated, 
and more recently their structure has been determined. 

Gonadotropins are glycoproteins with molecular weights around 30 kDa 
and containing about 20% carbohydrates. The carbohydrate moieties in their 
molecules are fucose, mannose, galactose, acetylglucosamine, and N-acet- 
ylneuraminic acid (Butt and Kennedy 1971). The sialic acid content varies 
widely among the glycoprotein hormones, from 20 residues in hCG to 5 in FSH 
and only 1 or 2 in hLH. These differences are largely responsible for the 
variations in the isoelectric points of gonadotropins. 

Different sialic acid content accounts for differences in molecular weight of 
the hormones isolated from various sources and in differences in biological 
activity determined in in vivo assays. The higher the sialic acid content, the 
longer is the biological half-life. Thus, the increased amount of carbohydrate 
component in hCG is responsible for its significantly longer half-life than that 
of LH or FSH. 

Whereas the P-subunit of LH contains only one carbohydrate group, the P- 
subunit of hCG contains six. The function of the carbohydrates is not fully 
known, except that removal of the terminal neuraminic acid (sialic acid) re- 
sidues drastically shortens the half-lives of the circulating hormones in blood. 
For this reason desialyated preparations of hLH, hCG, and hFSH show con- 
siderably reduced biological activity in vivo but retain activity in specific in 
vitro biological assays employing membrane receptors or isolated target cells. 
These hormones by immunoassays or by in vitro bioassay procedure therefore 
do not express their actual bioactivity in vivo. Deglycosylated hormones can 
act in vitro as competitive antagonists of the actions of the intact hormone 
upon the cyclic AMP production and to a lesser extend on steroid hormone 
biosynthesis. 

The gonadotropic hormones consist of two hydrophobic noncovalently as- 
sociated a- and P-subunits. The three-dimensional structure of each subunit is 
maintained by internally cross-linked disulfide bonds. Gonadotropic hormones 
can be dissociated into the individual subunits by denaturing agents (De la 
Llosa and Jutisz 1969). The subunits are practically without biological activity, 
but the hormonal activity is regenerated by recombination of the subunits. All 
the gonadotropins as well as thyroid-stimulating hormone share a common oe- 
subunit of 92 amino acid residues in the same sequence with five disulfide 
bonds and two carbohydrate moieties. The P-subunits (of FSH, LH, and hCG) 
are unique to each hormone and determine their biological specificity. They 
have amino acid chains of variable lengths (116-147 amino acid residues) and 
contain six disulfide bonds. 

There is only one known gene that codes for the p-chain of LH, while as 
many as six to eight genes or pseudogenes have been identified for the P-chain 
of chorionic gonadotropin (CG; Talmadge et al. 1983). It is not known how 
many of these CG genes are translated. 
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Methods which have allowed analysis of the genes and gene products have 
shown that the two subunits of the gonadotropic hormones are translated from 
separate messenger RNAs (Fiddes and Goodman 1979), and both have been 
synthesized as precursors. The nascent polypeptide a- and P-subunits are then 
glycosylated in the golgi apparatus by en bloc attachment of high mannose 
complex type oligosacharide to two aspargine residues of each subunit (Fig. 1). 
Excess mannose and glucose residues are trimmed from the intermediates. 
Thereafter peripheral monosacharides N-acetylglucosamine, galactose, and N- 
acetylneuraminic acid are attached sequentially to complete the oligosacharide 
structures (Hussa 1980). 

It has been shown that both pituitary FSH and LH exist in several different 
forms (isohormones) which exhibit charge heterogeneity and may thus be 
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Fig. 1. Schematic presentation of gonadotropin synthesis in the pituitary (gonadotrope) 
cell. A molecule of GnRH binds to a seven- arm membrane receptor and transmits a 
specific signal which initiates the function of G proteins, phospholipases, and kinases. 
Intracellular calcium ions are mobilized, and calcium channels are opened to enable 
intake of extracellular calcium. Specific regions of the nuclear DNA of the pituitary cell 
are activated. Subsequently mRNA specific for synthesis of the protein core of ot- and p- 
subunits of gonadotropins is completed in the rough endoplasmic reticulum. The a- 
subunit of gonadotropins contain 92 amino acid residues with five disulfide bonds. The 
P-subunit (unique to FSH and LH) contains six disulfide bonds. The nascent polypeptide 
subunits are then transferred into the golgi apparatus, where en block attachment of 
high mannose complex type oligosacharide to two aspargine {ASP) residues is per- 
formed. Peripheral monosacharides (monosach.) are then sequentially attached to 
complete the molecular structure. The integral FSH (LH) molecule is then stored in 
secretion granules until extruded by exocytosis 



"L 



^ MAHNOSE 

rr_\ 



86 



B. Lunenfeld et al. 



Table 2. Microheterogeneity of FSH: 
characteristics of acidic and basic iso- 
forms 





Basic 

isoform 


Acidic 

isoform 


Activity 
In vitro 


High 


Low 


In vivo 


Low 


High^ 


Scialic acid content 


Low 


High 


Clearance 


Rapid 


Slow 


Half-life 


Short 


Long 


Receptor binding 


High 


Low 


Signal transduction 


High 


Low 



^The overall in vivo bioactivity is highter due to its 
longer half-life and lower clearance. 

Gonadal steroids and GnRH affect pituitary neur- 
aminidase and sialyltransferase activity to generate 
changes in isoforms. 



separated by isoelectric focusing. The various FSH and LH species differ from 
each other not only in their isoelectric point but also in their relative abun- 
dance, receptor binding activity, biological activity, and plasma half-life (Ulloa- 
Aguirre et al. 1988). Table 2 demonstrates schematically different character- 
istics of acidic and basic isoforms of FSH. Cook et al. (1988) showed that also 
hMG consists of up to five different FSH isohormones and up to nine LH 
species. These differences may cause variations in patients’ response observed 
when using several lots of the same preparation. These lot differences should 
disapear when specific clones of highly purified FSH or rFSH, rLH, or rhCG are 
used. 

FSH, a dimeric glycoprotein hormone composed of an a-subunit (identical 
to the subunit of LH) and a |3-subunit that confers biological specificity binds 
almost exclusively to the large N terminal extracellular segment of a “seven- 
arm” trans-membrane receptor on the granulosa cells. High-affinity binding 
requires a specific charged (oligosacharide) amino acid in one of the peptide 
loops of the P-subunit (P-Arg 35; Flack et al. 1994). 

Effective signal transduction requires a specific oligosacharide in position 52 
of the ot-chain (a-52; Flack et al. 1994) which induces granulosa cells multi- 
plication and stimulates biochemical processes mediated through specific ki- 
nases and transcription factors. The LH receptor on thecal cells is also 
composed of a large N terminal extracellular segment responsible for hormone 
binding and constituted of repeated leucine-rich motifs. It is followed by a 
segment spanning seven times the membrane, characteristic of G protein 
couples receptors, and by a short C- terminal domain (Milgrom et al. 1993). LH 
binding to this receptor stimulates thecal cell development and androgen 
production. 

The information regarding metabolism of gonadotropic hormones is scarce. 
It has been shown that purified preparations of hFSH, hLH, and hCG injected 
intravenously into humans had serum half-lives (as determined by bioassays) 
of 180-240 min, 38-60 min, and 6-8 h, respectively. The half-life of the ot- and 
p-subunit of LH was found to be only 16 min. The higher carbohydrate content 
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of hCG (10%) is responsible for its significantly longer half-life as compared to 
hFSH (5%) and hLH (2%). 

Following intramuscular administration of pergonal (containing FSH and 
LH derived from human menopausal urine) daily for 8 days and testing blood 
levels twice a day, no increase in LH levels was observed. FSH, which has an 
intermediate half-life longer than LH but shorter than hCG even when given in 
low dose (150 lU), accumulated in the plasma and was still elevated above 
baseline level 3 days after the last injection (Diczfalusy and Harlin 1988). 
After intramuscular administration of hCG, peak serum levels were observed at 
6-8 h. The level of the hormone was reduced to about 50% after 36 h and was 
still discernible after 6 days. 

It is thus clear that hCG, when given as a substitution to LH, exerts a 
stronger and more prolonged biological effect due to its significantly longer 
half-life. 

When hMG (150 lU FSH and 150 lU LH) was injected i.m., and FSH and LH 
were measured in serum at hourly intervals, hMG induced an increase in LH 
within 3 h that persisted for about another 5 h (Anderson et al. 1989). This 
increase, albeit short, was sufficient to induce an androgenic milieu which 
impaired follicular development. Furthermore, when pure FSH was adminis- 
tered, endogenous LH was inhibited and remained reduced for aproximately 
24 h (Anderson et al. 1989). This effect can be explained as follows: FSH 
stimulates production of inhibin, leading to a reduction of both endogenous 
FSH and endogenous LH. However, because only FSH is being administered 
exogenously, only the decrease of LH is apparent. 

The mean metabolic clearance rate (MGR) of hFSH in women has been 
determined to be 14 ml/min, but has not been determined in men. The MGR of 
hLH is 25-30 ml/min in women regardless of ovulatory state and is almost 50% 
higher in normal men. The disappearance curves for both hormones are 
multiexponential, indicating a distribution of these hormones in more than 
three mathematical compartments. In premenopausal women daily production 
rates of hLH are 500-1000 lU, with a marked preovulatory rise, whereas 
production rates in postmenopausal women are 3000-4000 lU/day. These va- 
lues indicate that the pituitary content of hLH (and probably of hFSH) is 
turned over once or twice daily, and that rapid biosynthesis of gonadotropins 
is necessary to maintain the normal levels of pituitary storage and secretion. 
Only 3%-10% of the daily production of FSH and LH is excreted in the urine in 
a biologically active form but nevertheless reflect the rate of gonadotropin 
secretion in physiological and pathological conditions. The recovery of exo- 
genous gonadotropins in the urine of normal and infertile subjects is 10%-20% 
of the administered hormone. Urinary excretion of gonadotropins accounts for 
only 5% of the MGR. The MGR of hMG in hypogonadotropic subjects is 0.4- 
1.7 ml/min. 

Recent technological advances have made it possible to replace polyvalent 
antibodies with highly specific monoclonal antibodies. The production of FSH 
(Metrodin) was essentially a passive process, in which LH was separated from 
bulk material, and the FSH together with urinary proteins were collected and 
lyophylized for use. 
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The “third-generation” product FSH HP production is a more direct pro- 
cess. In this procedure highly specific monoclonal antibodies selectively bind 
the FSH molecules in the hMG bulk material during their pass through the 
affinity column. The unbound urinary protein along with the LH pass through 
the column and are removed. The column then contains pure FSH. This is 
extracted from the column as a highly purified product devoid of both LH and 
contaminating urinary proteins. As a results of this improved processing, this 
FSH preparation (Metrodin HP) contains less than 0.1 lU LH activity and less 
then 5% of unidentified urinary proteins. The specific activity of the FSH has 
been increased, from approximately 100-150 lU/mg protein for Metrodin to 
about 9000 lU/mg protein for Metrodin HP. The purity has also increased, 
from l%-2% in Metrodin to 95% in Metrodin HP. Due to its enhanced purity 
the total amount of injected proteins is very small, and therefore Metrodin HP 
is suitable for subcutaneous administration. Batch-to -batch variability is 
practically eliminated, and the product lends itself to a detailed analysis by 
physicochemical methods in addition to the classical in vivo bioassay. This 
purified preparation also permits the assessment of the pharmacodynamics 
and pharmacokinetics of FSH. 

The technical developments which have led to the production of highly 
purified FSH (Metrodin HP) and a deeper understanding of the pharmaco- 
dynamics and pharmacokinetics of these preparations have all made it possible 
to redesign ovulation inducing protocols (for example, low-dose regimens, 
low-dose increments, subcutaneous injection route). These new protocols may 
prove to be more efficient and may result in fewer multiple pregnancies, a 
lower abortion rate, and an even lower risk of hyperstimulation. 

With the use of a highly purified FSH preparation, a reevaluation may be 
necessary of the role of estrogen as a marker of ovulation induction. Now that 
highly purified urinary FSH preparations with about 9000 lU FSH/mg protein 
are becoming accessible, we must ask ourselves whether it is ethically ad- 
missible to continue using earlier preparations with 100-200 lU FSH/mg 
protein, containing 95% copurified urinary proteins. The highly purified ur- 
inary preparations will surely replace within the next few years all commer- 
cially available hMG preparations as well as Metrodin. Human pituitaries in the 
past and postmenopausal urine at present have been the sole source for pro- 
duction of gonadotropin preparations. The detailed information regarding the 
physiological processes involved in synthesis of gonadotropins by pituitary 
cells and development of recombinant DNA technology carried the possibility 
of producing pharmacologically active FSH preparations in huge quantities. 

The future of infertility therapy clearly relies on the capacity to produce 
pharmaceutical grade gonadotropins in sufficient quantities to meet the ever 
increasing worldwide demand and to reduce the risk of biological con- 
tamination, small as it may be. Thus, manufacturing of gonadotropin com- 
pounds using recombinant technologies became an important challenge and 
need for the treatment of infertility. 

The task of producing recombinant gonadotropin molecules has, however, 
proven to be difficult. Whereas bacteria efficiently produce nonglycosylated 
peptides such as insulin, and yeast has been cloned for the production of 



Human Gonadotropins 



89 



certain vaccines, prokaryotic cells are incapable of correctly glycosylating the 
peptide subunits to produce biologically active gonadotropins. The complex 
sugars are important for proper folding of the polypeptide backbone. The sites 
and extent of glycosylation determine tertiary structure, length of time of de- 
gradation, the regions of the molecule exposed to target cell receptors, and 
exposure of the molecule to mechanisms that regulate metabolism in vivo. 
Recombinant glycosylated peptides may be synthesized by certain mammalian 
cell lines. Chinese hamster ovary cells are known to be suitable host cells for 
the production of glycosylated recombinant proteins. Such cell lines were 
chosen for the expression of recombinant human FSH and LH. The expression 
of human FSH dimer could be achieved by transfecting Chinese hamster ovary 
cells with a genomic clone containing the complete FSH-P coding sequence 
together with the ot-subunit minigene. Stable cell lines expressing FSH dimer in 
relatively abundant amounts were selected. The resulting recombinant FSH was 
more homogenous than the most purified pituitary FSH preparations pro- 
viding a basis for clinical use. Specific cell clones have now been selected for 
large scale production of recombinant FSH. The resultant preparations are very 
pure and have a high biological potency (> 10 000 lU/mg protein). 

Using such recombinant FSH, ovulation induction followed by pregancies 
have been reported (Germont el al. 1992; Devroe et al. 1992, 1994; Homburg et 
al. 1994; Loumaye et al. 1994). Furthermore, it has been shown that these 
preparations are as efficient as the urinary preparations. With recombinant 
DNA technology and highly defined cell culture techniques recombinant DNA 
gonadotropins are now being prepared on industrial scale. What would cur- 
rently require 90 x 10^ 1 urine per year will ultimately be produced by geneti- 
cally engineered cells in defined chemical culture medium comprising only a 
small fraction of that volume. It is our hope that in the not too distant future 
DNA technology will provide an almost endless supply of human gonado- 
tropins. 

Moreover, recombinant DNA technology permits the design of potential 
therapeutic active gonadotropin agonists and antagonists by altering key 
proteins and carbohydrate regions in the ot- and p-subunits of FSH and LH 
(Boime et al. 1990). FSH has a relatively short half-life and hCG a relatively 
long half-life. 

The long half-life of hCG is in part due to the presence of four serine O- 
linked oligosacharides attached to an extended hydrophylic carboxyterminus. 
Using site-directed mutagensis and gene transfer techniques it was possible to 
fuse the carboxyterminal extension of hCG-p (CTP) to the 3' end of the FSH 
coding sequence. The FSH-CTP fusion protein retained the same biological 
activity as native FSH in vivo but had a prolonged circulating half-life. This 
resulted in a significant higher in vivo potency than native FSH and may 
represent an obvious candidate for a long acting FSH agonist (Fares et al. 
1992). 

Alternatively, deglycosylated mutants of this chimera can be engineered, and 
together with deglycosylated oc-subunit could by competitive binding to go- 
nadotropin receptors result in potent gonadotropin antagonists (Boime et al. 
1990). When such recombinant FSH preparations reach the market, hMG and 
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Fig. 2. History of gonadotropic preparations 



urinary FSH will have served their purpose, and the story of urinary gona- 
dotropins become history (Fig. 2). 

Classification of Patients 

Gonadotropin treatment is primarily a substitution therapy and as such should 
be used in patients lacking appropriate gonadotropin stimulation but with 
target organs (gonads) capable of normal response. 

In 1968 Insler et al. proposed a simple treatment-oriented classification of 
patients selected for gonadotropin therapy. This classification has been mod- 
ified and adopted by the WHO Scientific Group (1976) and continues to be 
used in many centers today. According to this classification, gonadotropin 
treatment is used in two main groups of women: 

- Group 1, hypothalamic-pituitary failure: amenorrheic women with no evi- 
dence of endogenous estrogen production, nonelevated prolactin levels, 
usually low FSH levels, and no detectable space-occupying lesion in the 
hypothalamic-pituitary region 

- Group II, hypothalamic-pituitary dysfunction: women with a variety of 
menstrual cycle disturbances including amenorrhea with evidence of en- 
dogenous estrogen production, and normal levels of prolactin and FSH 

Patients with PCOD represent a distinctive variant of group II, both because of 
the possible difference in the underlying pathopysiological mechanism(s) of 
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the disease and due to some differences in response to ovarian stimulation. In 
group II gonadotropins are usually administered after other types of ovulation 
inducing therapy have failed. It is theoretically plausible and clinically verified 
that the results of gonadotropin treatment are significantly better in group I 
than in group II (Insler and Lunenfeld 1977). Amenorrheal women of group I, 
however, represent only a small and ever diminishing proportion of the in- 
fertility clinic population (Bettendorf et al. 1981). 

In recent years another, growing group of patients is being treated with 
human gonadotropins, women undergoing in vitro fertilization or to in- 
trauterine insemination (lUI) combined with ovarian stimulation. Obviously 
these patients differ from those in both group I and group II in having com- 
pletely normal hormonal levels and competent hypothalamic-pituitary-ovarian 
feedback mechanisms. The general principles of gonadotropin therapy in these 
three groups of patients are similar, but the intensity of stimulation, course of 
treatment, and hormonal patterns differ significantly. 

It may be summarized that four modes of gonadotropin treatment are 
currently being used: 

- Substitution therapy in patients of group I 

- Stimulation therapy in patients of group II 

- Regulation therapy in women with PCOD 

- Hyperstimulation therapy in IVF, GIFT, TET, ICSI, and lUI 

Each of the above therapeutic schemes may be used in conjunction with ad- 
ditional pharmaceutical agents enhancing the effect of gonadotropins or at- 
tenuating disturbing infiuences stemming from the ovary, pituitary, adrenal 
glands, or other sources. The combined therapies are discussed in another 
section of this chapter. 



Theoretical Basis and Clinical Goals of Gonadotropin Therapy 

The basis of gonadotropin therapy is of course the physiology of the re- 
productive ovulatory cycle. A detailed discussion of the principles of ovarian 
response to exogenous stimulation must, however, focus on the events taking 
place in the ovary itself. The experimental work of Hodgen and his group on 
primates (Goodman et al. 1977; Hodgen 1983), the introduction of ultrasound 
for monitoring of follicular size and the IVF programs allowing observation of 
the size and appearance of ovarian follicles concomitant with the appreciation 
of the maturity of ova established a firm core of data concerning the sequence 
of ovarian changes leading to ovulation. 

As regards recruitmenty about 3 months prior to ovulation 30-300 follicles 
are recruited for growth and development. This initial recruitment of follicles 
and the early replication of granulosa cells is gonadotropin independent. 
Gougeon (1986) determined that in humans the progress from primordial to 
graafian follicle takes at least 10 weeks. 
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EVENT No 4* dominant follicle and ovum maturation 

= ^ PARACRINE BLOCKING OF SURROUNDING FOLLICLES 



GnRH PULSATILITY AND GONADOTROPIN 
SECRETION CONTROLLED 
BY THE DOMINANT FOLLICLE 



HYPOTHALAMIC 
AND PITUITARY 
RESPONSE 



Fig. 3a-d. Schematic presentation of the sequence of events in the ovary during a 
normal ovulatory cycle, a Luteolysis. b Recruitment, c Selection, d Dominance 



The rescue of a follicular cohort is brought about by a slight but significant 
FSH rise observed during the preceding late luteal phase. This process is 
completed by the 3rd cycle day. 

The selection of the dominant follicle is a process by which one follicle of the 
cohort is endowed with the ability to mature earlier and/or more quickly than 
all others. The mechanism of the selection process is controlled by autocrine, 
paracrine and endocrine factors. Important elements in this process are in- 
hibin and activin. Baird (1987) stated that “the follicle of the month” is selected 
by chance because it is at the right place at the right time. Our experimental 
work in the rat indicates that the “assignment” of the follicle to be selected as 
the dominant one in the subsequent cycles is instigated by the rescuing action 
of the midcycle FSH peak in three consecutive previous cycles (Insler et al. 
1990). The process of selection of the dominant follicle is completed by the 7th 
cycle day. 

Dominance is that part of the cycle during which all the events such as the 
exponential rise of estrogen, negative feedback action upon the hypothalamus, 
modulation of pituitary secretion of gonadotropins, reduction of FSH secretion 
by inhibin, and positive feedback evoking the midcycle LH surge are sub- 
ordinated to the developmental rhythm of the dominant follicle. This con- 
trolling action of the dominant follicle lasts from the 8th cycle day until 
ovulation and persists also during the corpus luteum phase (Fig. 3a-d). 

The basic principles of gonadotropin therapy were proposed by Insler and 
Lunenfeld (1974, 1977) following observation of the course of treatment in 
several hundreds of patients. Ovarian response can be elicited only when a 
certain dose of FSH-like material has been administered. This amount of go- 
nadotropins is called the effective daily dose (FDD; threshhold principle). 
Administration of gonadotropins at levels significantly below the FDD does not 
evoke any measurable effect even when prolonged therapy is used. 



94 



B. Lunenfeld et al. 



Following the administration of an FDD of gonadotropins a number of 
ovarian follicles are stimulated to begin their growth and maturation. This 
period of gonadotropin therapy is called the clinical latent phase. Since at this 
stage of follicular development appreciable amounts of estrogen are not yet 
secreted, the latent phase of therapy is clinically “mute.” The latent phase 
begins with the application of the FDD of gonadotropins and ends with the 
appearance of measurable ovarian response, i.e., rising estrogen levels and 
increasing follicular diameter. 

The second part of gonadotropin therapy, called the active phase lasts from 
the initial estrogen rise until ovulation induction. It is characterized by an 
exponential rise of estrogen levels and steady growth of follicular diameter. 

The duration of the latent phase is 3-7 days and is significantly longer in 
patients of group I than in women of group II. The length of the active phase is 
4-6 days and is similar in all patients. 

The above principles, based on clinical observation and thorough analysis of 
patients’ response, actually preceded by several years the theoretical con- 
siderations of the physiological events produced by experimental work (see 
above). The latent phase of gonadotropin therapy represents a “telescoped in” 
version of the rescue and selection phases of the spontaneous cycle. The active 
phase of therapy corresponds to the period of dominance. 

The question of differences of response observed in patients of group I as 
compared to those of group II must now be briefly addressed. It is well known 
that in patients of group II the FDD is smaller, the latent phase is shorter, and 
the response to treatment is less uniform (Insler and Lunenfeld 1977). It seems 
that these differences in response to stimulation with exogenous gonadotropins 
may be explained by the state of the ovary at the beginning of treatment. This is 
probably due to a particular endogenous gonadotropin stimulation and an 
individual ovarian response. 

In women of group I, at the initiation of each treatment course the ovaries 
contain small preantral gonadotropin independent follicles at different stages 
of development and degeneration. The pharmacological dose of gonadotropins 
administered acts on a relatively uniform substrate. This is not so in patients of 
group II. In this group endogenous gonadotropins may cause a certain folli- 
cular development before or between treatments. Gonadotropin therapy is thus 
applied to an ovary containing already scores of follicles at various stages of 
development, provoking further growth of some of them, recruitment of ad- 
ditional ones, and possibly preventing atresia of others. It is no wonder that the 
response to treatment is less uniform and more prone to hyperstimulation. 

Gonadotropin therapy poses several interesting theoretical problems. 

The exact size of the follicular cohort rescued in each cycle in the human is 
variable. Whatever the size of the initial cohort recruited, it seems that during 
the course of gonadotropin therapy more follicles are rescued from atresia, 
stimulated to undergo partial or full maturation by sustained high level of FSH. 
This process results in the development of several dominant follicles that reach 
full maturation hours or maybe even days apart one from the other. 

As indicated by the very low efficiency of single dose or “trigger” schemes of 
therapy to ensure follicular maturation during gonadotropin therapy, FSH 
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concentration above threshold levels must be sustained throughout the treat- 
ment. Despite the rather high levels of estrogen occurring relatively early in the 
treatment premature LH surges are rather rare (Garcia et al. 1983) in patients 
with hypothalamic-pituitary failure. In women with hypothalamic-pituitary 
dysfunction, PCOD, or in spontaneous ovulators undergoing superovulation 
therapy the premature luteinization episodes are, however, much more fre- 
quent (Flemming and Coutts 1990). The exact role of the gonadotropin surge 
attenuating factor producd by follicles of certain size in spontaneous and sti- 
mulated cycles (Sopelac and Hodgen 1984; Balem and Jacobs 1991) has yet to 
be established. 

When using human gonadotropins for induction of ovulation, one must 
accept that some features of spontaneous ovulatory cycle cannot be manipu- 
lated in gonadotropin-induced cycles. These features are: 

- Early gonadotropic independent follicular development 

- Premenstrual recruitment and initial selection of follicles 

- Feedback control of gonadotropin levels 

- Balanced effect of intraovarian sex steroids and growth factors and their 
binding proteins 

- Full maturation of one follicle only 

- Exact synchronization of structural functional and hormonal events 
throughout the entire genital system 

The ideal rationale of gonadotropin treatment for anovulatory patients is to 
provide gonadotropin levels of magnitude and timing similar to those observed 
in a normal ovulatory cycle and consequently to evoke recruitment of a fol- 
licular cohort, selection and full maturation of at least one dominant follicle, 
ovulation and sustained corpus luteum function. 

Unfortunately, this goal has never been fully achieved. The FSH and LH 
levels and their ratios during gonadotropin-stimulated cycles are quite dif- 
ferent from normal (Wu 1977; Healy and Burger 1983). Estrogen levels and 
their daily rate of ascent as well as progesterone values are not identical to 
those observed in spontaneous cycles (Insler and Potashnik 1983). The folli- 
cular fluid levels of estradiol and progesterone are lower, and the level of 
inhibin is higher in gonadotropin- stimulated cycles than in the dominant 
follicle of the natural cycle (Seegar-Jones et al. 1985). Moreover, the pregnancy 
rate in gonadotropin-induced cycles with steroid profiles closely resembling 
those found in spontaneous ovulations is dismally low (Insler and Lunenfeld 
1977). Thus, the theoretical rationale of gonadotropin therapy must be sub- 
ordinated to its clinical aim, which is to obtain ovulation and pregnancy in all 
suitable cases while avoiding hyperstimulation (Fig. 4). 

Wide clinical experience indicates that this goal can be practically achieved. 
The unequivocal proof of the clinical efficiency of gonadotropin therapy are the 
thousands of babies born following gonadotropin-induced ovulations and 
conceptions. 
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Fig. 4. Schematic presentation of principles of gonadotropic therapy. Recruitment of a 
gonadotropin-dependent follicular cohort and initiation of follicular growth requires 
that the amount of FSH at the ovarian plane reaches a threshold level (EDD). Following 
latent phase, which is clinically “mute,” ovarian follicles continue an exponential growth 
accompanied by a corresponding increase in estrogen secretion (active phase lasting 
4-5 days) 



Treatment Schemes 

A whole array of treatment schemes of gonadotropin therapy have been pro- 
posed and employed over the years. There are, however, only three essentially 
different types of therapy: (a) fixed dose regimes, (b) individually adjusted 
schemes, and (c) combined therapy. 

At the beginning of clinical trials two types of gonadotropin preparations 
were used: human pituitary gonadotropins (HPG) and human menopausal 
gonadotropins (hMG). Due to the scarcity of human pituitaries and the ap- 
pearance of Jacob-Creuzfeld disease (Cochins 1990; Dumble 1992) HPG pre- 
parations were abandoned, and since the late 1970s mainly hMG preparations 
have been employed. In the 1980s an FSH preparation containing negligible LH 
amounts was introduced. This preparation is at present used for the same 
indications as hMG and has also been proposed as the treatment of choice for 
patients with PCOD (Johnson and Pearce 1990). All these preparations are only 
partially purified (3%-5%) and contain 95% of various urinary proteins. Since 
the early 1990s highly purified FSH preparations (95%) have become available 
and will replace the older preparations, mainly due to increased safety, batch- 
to-batch consistency, and the possibility of self-administration. 

In the fixed dose regimes a certain amount of hMG (or FSH) is administered 
on predetermined cycle days followed by hCG given one or more days after the 
last injection of hMG. Although the doses of gonadotropins and the days on 
which it was administered have differed in various reports (Crooke 1970; 
Marshall and Jacobson 1970; Butler 1970), the general principle is identical. By 
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using a fixed dose in each cycle the patient’s gonadotropin requirement (i.e., 
the EDD) can be met only by successively increasing the dose in consecutive 
cycles. 

The individually adjusted treatment scheme (Rabau et al. 1971) allows for 
successive increments of the gonadotropin dose according to the patient’s 
response during the same cycle. It actually comprises the tests courses with the 
treatment course in one cycle, thus significantly increasing the efficiency of 
treatment (mean number of treatment courses per pregnancy). In some, par- 
ticularly sensitive cases the individually adjusted treatment may sometimes, by 
reducing the daily dose, avoid hyperstimulation which would have been 
brought about by using the fixed dose schedule. 

The problem of the size of initial dose of hMG (or FSH) and of its incre- 
ments as well as the ideal estrogen level to be arrived at before administration 
of hCG is still a matter of discussion. We usually start with 2 ampules of hMG 
per day in patients of group I and with 1 ampule in women in group II. The 
successive dose increments are usually by 1 ampule each, and hCG is ad- 
ministered when urinary estrogen reach a level of 75-300 )Ug/24 h or plasma 
estradiol attains a level of 300-1200 pg/ml, and on ultrasound at least one 
follicle with a diameter exceeding 16 mm is observed. In women with high 
ovarian sensitivity to stimulation (PCOD) successive dose increments by one- 
half ampule are often used. 

It is interesting to note that with the advent of IVF programs the whole circle 
of trial and error regarding the most efficient and safe treatment schemes of 
hMG (or FSH) was repeated. Various groups proposed fixed-dose schedules 
not substantially different from those which were tried and discarded years 
ago. Recently, however, more and more groups seem to be adopting the in- 
dividually adjusted treatment scheme, using some modifications suitable for 
the special purposes of an IVF program (Quigley 1985; Lopata et al. 1986). For 
the sake of completeness, one additional mode of ovulation induction using 
human gonadotropins should be mentioned here. In 1983 Kemmann et al. 
described their initial experience with a portable infusion pump delivering 
subdermally a constant amount of hMG over a period of 18 h/day. The authors 
claimed that this method of delivery provides a better response than the 
standard i.m. injection of hMG. This treatment modality did not receive 
widespread acceptance, but with the new highly purified FSH preparations 
which, according to prescriber information, can be administered sub- 
cutaneously, this therapeutic modality could be reinvestigated. 



Combined Therapy 

In the past most IVF programs used a combination of clomiphene citrate (CC) 
and hMG to stimulate a large enough crop of follicles ready for ovum pick up. 
The claim was that this combination produced better, or at least more uniform, 
ovum maturation than hMG alone. In addition, clomiphene/gonadotropins 
combination required smaller hMG doses, thus reducing the cost of treatment. 
This mode of treatment is being abandoned due to the long half-life of CC and 
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the high incidence of untimely LH surges, relatively low pregnancy rate, and 
relatively high abortion rate. 

It is well known that patients of group 1 respond better to gonadotropin 
therapy than women of group II. The efficiency of treatment (mean number of 
treatment courses per pregnancy) and the pregnancy rate are significantly 
better in the former group than in the latter (Lunenfeld and Insler 1978). Some 
of the reasons for this discrepancy are obvious. First, patients of group II 
receive gonadotropin therapy only after they have failed to conceive when 
treated with other ovulation inducing drugs. Second, the frequency of addi- 
tional disturbances possibly affecting fertility such as endometriosis, and 
polycystic ovaries are much more frequent in group II. 

There are, however, differences in response to stimulation between patients 
of group I and those of group II which seem to be inherent to the functional 
characteristics of the hypothalamic-pituitary-ovarian axis. In other words, with 
regard to gonadotropin therapy the presence of a functioning pituitary gland 
may be a disadvantage rather than an asset. Even with the best protocols for 
inducing ovulation in anovulatory patients and superovulation in in vitro 
procedures a number of patients do not ovulate. Of those that do ovulate, some 
produce poorly fertilizable eggs, and in others poor implantation is observed. 
It is conceivable that inappropriate endogenous LH secretion is the dominant 
cause of failure in the majority of patients of group II. This disturbance may 
appear in two main forms: (a) elevated LH levels during the follicular phase 
and (b) ill-timed LH surges. 



The Effects of Excessive LH in the Follicular Phase 

It has been suggested that a high concentration of LH through the follicular 
phase causes early maturation of the developing oocyte producing at ovulation 
an egg that is physiologically aged (Homburg et al. 1988a). These oocytes are 
unlikely to be fertilized or, if conception is achieved, may fail to implant or an 
early abortion may result. Several authors have reported that in IVF programs 
high concentrations of LH in the few days before oocytes are collected were 
associated with reduced rates of fertilization and conception (Stanger and 
Yovitch 1985; Howies et al. 1987; Punnonen et al. 1988; McFaul et al. 1989). 

McFaul et al. (1989) and Mcnamee (1990) also demonstrated that if con- 
ception is achieved in a cycle in which the oocyte is prematurely exposed to 
elevated LH, there is a significantly higher probability of an early abortion. 
This situation is particularly frequent in patients diagnosed as having PCOD, 
where ovulation rates following ovulation induction are relatively high but 
pregnancy rate is low. 

Johnson and Pearce (1990) support this concept and conclude that pituitary 
suppression by gonadotropin-releasing hormone (GnRH) analogues (GnRH) 
before induction of ovulation (reducing LH levels) reduces the risk of spon- 
taneous abortion in women with PCOD and primary recurrent spontaneous 
abortion following induction of ovulation. Spontaneous abortion occurred in 
11 of 20 women given CC, compared with only 2 of 20 who had pituitary 
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suppression with buserilin followed by administration of pure FSH. It may be 
argued that the negative effects suspected to be due to LH may in fact be due to 
an ovarian disorder which also causes elevated LH levels. This was tested in a 
study in which patients with normally appearing ovaries (at ultrasound) and a 
normal FSH/LH ratio were given CC (Shoham et al. 1990) This study de- 
monstrated that the adverse effect of an excess of LH in middle and late 
follicular phase can also be observed when attempting to induce ovulation with 
CC. When measuring FSH and LH in unovulatory women with no detectable 
features of PCOD who are undergoing ovulation induction with CC, one notes 
either of two different hormonal patterns. One group exhibits excessive LH 
secretion and in the second the LH/FSH ratio never exceeds 1.7. Not a single 
clinical pregnancy occurred in the group which responded with an excessive 
LH response. Furthermore, the estrogen secretion pattern in this group was 
reminescent of that seen in PCOD patients. All the pregnancies occurred in the 
group of patients without excessive LH response. These observations indicate 
that an iatrogenically induced excess of LH in middle and late follicular phase 
can also adversely affect the outcome of the treatment cycle. Furthermore, this 
study indicates that determination of FSH and LH 1-2 days following the 
termination of CC administration may help to select patients either for con- 
tinuation of CC therapy or (those with excessive LH) for FSH therapy. 



The Effects of an Untimely LH Surge 

Premature luteinization is a specific category of anovulation. This entity is 
frequently unrecognized or is misdiagnosed as unexplained infertility or luteal 
phase defect. This situation can occur if an untimely LH surge ensues in 
response to rising estrogen at a time when the follicle is still immature. It can 
be diagnosed if an LH peak is detected in the presence of relatively small 
(< 14 mm) follicles demonstrated by ultrasound. 

It is possible that the etiology of this entity is an exaggerated sensitivity of 
the pituitary to estrogen. Rising, but relatively low estradiol levels may trigger 
an LH surge. This assumption may explain the failure of CC or hMG to restore 
ovulation in such cases. Both agents cause multiple follicular development with 
an exaggerated estrogen rise, making the appearance of a premature LH peak 
even more likely. A similar situation exists in ovulatory women with a normal 
pituitary-ovarian axis undergoing IVF, GIFT, zygote intrafallopian transfer 
(ZIFT), lUI, intracytoplasmic sperm injection (ICSI) or AID procedures. They 
receive pharmacological doses of hMG (FSH) to induce superovulation. Ex- 
aggerated estradiol levels in response to this therapy provoke, in about 15% of 
treatment cycles, an untimely spontaneous LH surge leading to cancellation of 
ovum pick-up or of the insemination procedure. 

To overcome the possible interference of unbalanced and/or untimely en- 
dogenous gonadotropin secretion, combined therapy using agents suppressing 
hypothalamic-pituitary function together with a purified FSH preparation has 
been recommended. 
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Ben-Nun et al. (1984) generated pharmacological (drug-induced) hyper- 
prolactinemia, causing a significant reduction of secretion and/or release of 
endogenous gonadotropins and then stimulated the ovaries by exogenous 
hMG. They reported that with this type of combined treatment ovulations and 
pregnancies were obtained in several patients of group II who had previously 
failed to conceive when treated with hMG/hCG alone. 

Laboratory synthesis of potent and/or long acting GnRHa makes it possible 
to efficiently reduce (downregulate) the production and release of pituitary 
gonadotropins (Crawley et al. 1982; Meldrum et al. 1982; Yen 1983). Treatment 
schemes combining pituitary suppression by GnRH analogues with ovarian 
stimulation by exogenous gonadotropins seemed therefore particularly at- 
tractive (Flemming et al. 1985; Shadmi et al. 1987; Insler et al. 1989). 

Several different protocols for the combined GnRHa and gonadotropins 
have been proposed. In the “short” (Fig. 5) or “ultrashort” protocols the 
GnRHa is administered either together with gonadotropins or only a few days 
before the first gonadotropin dose and continued until indicated. This enables 
use of the initial “flare up” effect of the analogue, i.e., elevation of endogenous 
gonadotropin secretion. The treatment is shorter and less expensive since 
fewer gonadotropins are required. On the other hand, the initial relatively high 
LH levels (particularly in women with PCOD) may create a hormonal en- 
vironment unfavorable to follicular development. 

The long protocols are based on the concept that ovarian stimulation should 
begin only after the pituitary gland has been adequately suppressed by GnRH 
agonist. This effect can be achieved in majority of cases within 14-21 days 
depending on the type of GnRHa and patients response. Two main types of 
long protocols are used. In one, GnRH agonists are started in the middle luteal 
phase and gonadotropins (hMG or FSH) are added after 10-14 days (Figs. 6, 7). 



Fig. 5. The short protocol of 
combined GnRH analogue/go- 
nadotropin therapy. GnRHa is 
administered together with go- 
nadotropins and continued un- 
til indicated. This enables use of 
the initial “flare up” effect of 
the analogue. When FSH 
reaches the threshold level, fol- 
licular development is initiated. 
Broken line, estradiol levels 
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It is claimed that this protocol is preferable since in the hormonal environment 
of the luteal phase (relatively high estrogens and progesterone) the initial 
stimulatory effect of the agonist is attenuated, and thus the LH levels and 
consequently androgen production are diminished. The major problem with 
this protocol is the possibility of inadvertent administration of GnRHa to 
patients with early pregnancy. Preliminary data on 139 patients who inad- 
vertently received GnRHa during early pregnancy showed no adverse affects 
upon pregnancy in the blastocyst or early nidation stage (Roux et al. 1993). 

In the second version of long protocol (Fig. 7) the GnRHa is started on the 
first days of menstruation, and gonadotropin stimulation is commenced when 
pituitary and ovarian function is suppressed as indicated by low FSH and LH 
levels and/or by E 2 values below 50 pg/ml and/or lack of presence of antral 
follicles (with diameter exceeding 4 mm) on ovarian ultrasound. FSH/hMG 
administration in conjunction with the agonist is continued until at least one 
follicle reaches maturation, as judged by ultrasound and estrogen levels. HCG 
is then administered to induce ovulation. 

With either version of the long protocol of combined GnRHa/gonadotropin 
therapy premature endogenous LH peaks are rare (fewer than in 1% of cycles). 
The gonadotropin dose necessary for ovulation or superovulation induction 
and the duration of treatment are, however, significantly increased. Both 
variants of the long protocol have already proven their merits. By making 




Fig. 6. The long (luteal phase) protocol of combined GnRHa/gonadotropin therapy. 
GnRH agonists are started in the midluteal phase, and gonadotropins (hMG or FSH) are 
added after 10-14 days. The initial stimulatory effect of the agonist is attenuated, and 
thus the LH levels and consequently androgen production are diminished. Following 
exogenous FSH administration the FSH level rises while LH levels remain suppressed. 
When FSH reaches the threshold, level follicular development is initiated. Broken line, 
estradiol levels 
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Fig. 7. The long protocol of combined GnRHa/gonadotro-pin therapy. After initial flare 
up of gonadotropin levels both FSH and LH are suppressed. Following exogenous FSH 
administration the FSH level rises while LH levels remain suppressed. When FSH 
reaches the threshold level, follicular development is initiated. Broken liney estradiol 
levels 



logistics easier and by significantly reducing cancellation rates in IVF pro- 
grams, the overall success rate has been increased. The combined therapy 
allows the design of stimulation protocols creating a predominantly FSH en- 
vironment during the recruitment phase and eliminating the interference of 
endogenous gonadotropins during the dominance and periovulatory phase. 
However, the temporary functional gonadotropin-specific hypophysectomy 
has introduced new challenges. Inhibition of endogenous gonadotropins fol- 
lowing ovulation induced by hCG may, if not properly monitored, result in 
inadequate luteal phase. This situation can usually be prevented by post- 
ovulatory periodic administration of hCG (Blumenfeld and Nahhas 1988 ). 

The choice of the GnRHa to be used should be based on a combination of 
factors including its delivery system, its mode of administration, and its bio- 
logical half-life. All the above criteria must be considered in designing the 
subsequent gonadotropin treatment protocol competent to stimulate follicular 
recruitment and development, timely ovulation induction, and adequate cor- 
pus luteum function. 



Combined Growth Hormone/Gonadotropin Therapy 

Even with the best protocols for inducing ovulation in anovulatory patients or 
superovulation for in vitro procedures, some patients need excessive amounts 
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of gonadotropins, and some remain “poor” responders despite application of 
extremely high doses. 

During the last few years the importance of intraovarian regulation via the 
potentiating effect of growth hormone (GH), GH-releasing hormone, growth 
fectors, and insulin on both the thecal cell response to LH and the granulosa 
cell response to FSH have been demonstrated (Adashi et al. 1985a-c, 1990; Jia 
et al. 1986; Davoren and Hsueh 1986; Ericson et al. 1989). Furthermore highly 
complex interactions of insulin-like growth factors (IGFs) and their binding 
proteins, on modulation of Gonadotropin action on follicular development 
(Lunenfeld and Insler 1993; Lunenfeld 1994; Costrici et al. 1994; Nakatani et al. 
1991) These findings may have a significant impact on the understanding of 
ovulatory disorders such as the polycystic ovarian syndrome, or on ovulation- 
inducing therapy and its main complication, the ovarian hyperstimulation 
syndrome. Publications by Homburg et al. (1988), Volpe et al. (1989) reported 
that GH added to hMG protocols significantly reduces the hMG dose necessary 
for follicular stimulation. Ronnberg et al. (1990), however, could not confirm 
these findings in a study of ovulatory patients undergoing a randomized sti- 
mulation protocol for IVF. 

Based on our past and present studies we believe that we can reconcile the 
discrepancy between these publications. We have shown that some patients 
with decreased levels of GH (Blumenfeld and Lunenfeld 1989) or anovulatory, 
normoprolactinemic, non-PCOD patients who are “bad responders” to go- 
nadotropin stimulation and have a decreased level of GH reserve (Menashe et 
al. 1990, 1990a) may benefit from the addition of GH to gonadotropin sti- 
mulation protocols. The results of a prospective study on ovulation induction 
demonstrated that patients who responded to clonidine or to arginine with 
elevation of GH, responded normally to hMG therapy with a mean effective 
dose of 1.5 ampules/day (11.6 mean total dose), and patients who did not 
respond to clonidine with elevation of GH either needed excessive amounts of 
gonadotropins (mean effective dose of 3 ampules/day, a mean total dose of 
36.5 ampules) to obtain an acceptable response or, despite higher doses of 
hMG, responded inadequately as expressed by either low serum estradiol 
levels or lack of sufficient follicular development, or both. The combined 
administration of GH and hMG to clonidine-negative patients resulted in a 
good ovarian response despite a significantly lower dose of hMG. In patients 
who responded to clonidine, arginine, or insulin with an elevation of GH 
(positive GH reserve) the addition of GH had no significant effect on response 
or hMG dosage. This study also demonstrated that GH reserve, might be a 
preliminary differentiating indicator of the relative sensitivity of patients to 
hMG. We think that this would help to select patients who might benefit from 
the concomitant GH-hMG therapy. One fact should, however, not be dis- 
regarded, namely the relationship between body weight and response to clo- 
nidine. Lean women have normal GH pulsatility and GH rise following 
administration of clonidine. Obese patients and most patients with PCOD 
syndrome may show negligible GH pulses and lack of response to clonidine, 
probably due to excess of GH binding protein (Insler et al. 1993). Since IGF-1 
may not mandatory for normal ovarian response, the usefulness of GH or GH- 
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releasing factors as adjunctive therapy with gonadotropins must not be 
overestimated. 

It has been shown (Laron et al. 1968; Dor et al. 1991) that a Laron-type dwarf 
(an autosomal recessive syndrome, characterized by elevated GH levels con- 
comitant with negligible serum IGF-1 levels) can spontaneously ovulate, con- 
ceive, and deliver. This same patient, due to secondary infertility, was recently 
superovulated with gonadotropins for IVF, which permitted us to investigate 
her ovarian response in detail (Dor et al. 1991). Despite undetectable GH- 
binding protein, negligible IGF-1, and elevated IGF binding protein levels in 
her serum and follicular fluid, fertilizable eggs were obtained. This patient, who 
in effect provided an experiment of nature, permitted us to conclude that IGF-1 
is not obligatory for ovarian response but seems to play a permissive mod- 
ulating role in ovarian physiology. Whatever the exact role of GH and various 
growth factors in the normal ovulation process, GH may serve as an important 
addition to the clinical armamentarium employed in treatment of a specific but 
small group of patients with anovulation and infertility. 



Monitoring of Gonadotropin Therapy 

Proper monitoring is crucial for the results of gonadotropin therapy, i.e., for 
achieving a high rate of conceptions while avoiding hyperstimulation and re- 
ducing the incidence of multiple pregnancy to an acceptable minimum. 
Monitoring of the ovarian response to stimulation has four objectives: (a) to 
determine the FDD of gonadotropins, (b) to determine the length of gonado- 
tropin application, (c) to determine the timing of administration of the ovu- 
latory dose of hCG, and (d) to determine the occurrence and time of ovulation 
and to evaluate the corpus luteum function. 

Three different types of parameters are used in monitoring of gonadotropin 
therapy: clinical, hormonal, and ultrasound. Clinical parameters include va- 
ginal examination, basal body temperature (BBT) records, and cervical mucus 
evaluation expressed as a semiquantitative cervical score (Insler et al. 1972). 
Hormonal assays required for monitoring of gonadotropin treatment consist of 
estrogen and progesterone estimations. The ultrasound examinations are 
aimed at determining the number and size of ovarian follicles and, if possible, 
observing their postovulatory transformation into corpora lutea (Hackeloer 
1984; Cabau and Besis 1981; Ritchie 1985). Ultrasound examination can also be 
used to assess endometrial quality (height and pattern) and, combined with 
color Doppler, it permits evaluation of the vascular pattern. These parameters 
may provide effective information to appraise if the endometrium is ready for 
the implanting embryo. 

The latent phase of gonadotropin therapy is “mute” to hormonal mon- 
itoring. At that time neither the clinical nor the hormonal parameters can give 
an objective measure of the ovarian response to stimulation. The role of 
monitoring at this stage is to establish the size of the FDD of hMG. This is done 
empirically by successively increasing the daily dose of hMG (or FSH) by 1 
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ampule (or in some PCOD patients by one-half an ampule) every 5-7 days until 
a distinct ovarian response begins as indicated by the initiation of ster- 
oidogenesis and by ultrasound-measurable follicular growth. 

High-resolution vaginal ultrasound permits detection of small antral follicles 
with a diameter not exceeding 3-4 mm. It can be speculated that in the near 
future it will be possible to recognize the initial recruitment of follicular co- 
hort(s) relatively early in the latent phase of therapy. This may permit a more 
accurate and earlier tailoring of the gonadotropin dose required in each 
individual treatment course and consequently improve the final results of 
therapy. 

The main monitoring effort is centered at the active phase of treatment. The 
number of follicles developing and their growth rhythm must be established, 
and the time when at least one follicle is ready to receive the ovulatory LH 
stimulus must be determined as accurately as possible. 

The lessons learned from IVF indicate that to carry out this complicated task 
it is best to use all three monitoring parameters: clinical, ultrasound, and 
hormonal. The number and diameter of follicles determined by ultrasound and 
the pattern of ascent of estrogen levels provide a good indication of the extent 
of follicular maturation. The clinical parameters (cervical score), in addition to 
being an indirect indicator of estrogen levels, reflect the functional state of the 
genital tract with regard to sperm transport. 

It has been repeatedly shown that plasma 17 (3-estradiol and urinary total 
estrogen may be used for monitoring of gonadotropin therapy with equal 
efficiency (Brown 1986; Insler and Potashnik 1983; Lequin et al. 1986). A steady 
exponential rise of urinary or plasma estrogen is usually observed during the 
active phase of gonadotropin therapy. The ideal daily ascent rate is considered 
to be in the range of 40%-100%. A slower ascent may reflect a suboptimal 
response and a steeper daily increase is a warning sign of an exaggerated 
response, possibly heralding hyperstimulation. 

For many years the dominant follicle was considered the main source of 
estrogen, the contribution of smedler follicles being regarded as marginal. IVF 
and ultrasound confirmed this in monofollicular cycles only. In cycles with 
multifollicular development peripheral estrogen levels reflect the sum total of 
steroidogenic activity of several leading follicles as well as of a number of 
“runner-up” follicles. Nitschke-Dabelstein et al. (1981) showed an excellent 
correlation between the 17P-estradiol levels and the number and size of folli- 
cles on ultrasound in monofollicular but not in multifollicular cycles. On the 
other hand, the follicular size as measured by ultrasound is inadequate as a sole 
parameter of follicular maturation, the functional integrity of the follicle being 
probably better expressed by its steroidogenic activity. Moreover, the steroid 
production of the ovarian follicles is of primary importance in relation to the 
structural and functional changes of the endometrium. This is the main reason 
for combining hormonal and ultrasound parameters in monitoring gonado- 
tropin therapy. A steady daily rise in estrogen levels concomitant with a 
constant growth in follicular diameter and endometrial height on ultrasound is 
the best indicator of successful ovarian stimulation as well as a reasonably 
good predictor of hyperstimulation. 
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Practically, monitoring of gonadotropin treatment is carried out as follows: 
Patients are instructed to keep daily BBT records. Treatment is started between 
the 3rd and 5th days of spontaneous or induced bleeding. If combined GnRHa/ 
gonadotropins therapy is administered, the treatment is started when a com- 
plete pituitary-ovarian downregulation has been obtained (see “Combined 
Therapy”). The initial FSH dose is usually 1 ampule per day in patients of 
group II (Fig. 8). In women of Group I and in patients receiving the combined 
therapy, treatment is usually started with 2 ampules hMG per day. If the patient 
received gonadotropin therapy in the past, treatment is ordinarily commenced 
at the level of the FDD of the previous course. Prior to initiation of every 
course of treatment an ultrasound of the pelvic region is performed in order to 
rule out the presence of abnormal follicular structures or cysts. Since such 
structures are associated with abnormal ovarian response to stimulation and/ 
or with ultrasound monitoring of treatment, they should be punctured, or the 
treatment should be delayed until their spontaneous disappearance. 

Patients are examined every 1-3 days. This examination includes palpation 
of the ovaries, calculation of cervical score, postcoital tests when indicated, and 
a short interview with the patient regarding her general well-being. The dose of 
gonadotropins is adjusted according to the patient’s response as indicated by 
estrogens, ultrasound, and clinical findings (Fig. 9). 

If estrogens are low and not rising, the initial dose of gonadotropins is 
continued for 5-7 days and then increased by 1 ampule. This procedure is 
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Fig. 8. Monitoring of gonadotropin therapy in a patient of group II. FD, Diameter of the 
leading follicle (mm); black barSy cervical score (CS), points; line, estradiol (pM/1); dotted 
bars, serum progesterone (nM/1) 
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Fig. 9. Monitoring of gonadotropin therapy in a patient of group I. FD, Diameter of the 
leading follicle (mm); black barsy cervical score (CS), points; liney estradiol (pM/1); dotted 
barSy serum progesterone (nM/1) 



repeated until the EDD, i.e., the dose which causes a significant and steady 
estrogen rise is achieved. In patients with low endogenous estrogens at in- 
itiation of therapy, cervical score estimations may replace estrogen assays for 
the estimation of EDD, provided abnormal cervical response was previously 
excluded. From this day on the patient is examined daily or on alternate days. 
When estrogen levels reach or exceed 250 pg/ml (950 pmol/1), ultrasound is 
performed. If estrogens increase too rapidly, or the day-to-day difference ex- 
ceeds the geometric rise, the dose is reduced by 1 ampule (75 lU FSH), and 
treatment is continued at this reduced dosage. 

If the estrogen rise is steady and not excessive, the same dose is continued 
until an estradiol level between 350 and 1200 pg/ml (1330-4500 pmol/1) is 
reached. Since the duration of active phase is 4-6 days, this level should be 
reached within this time limit. At this stage of therapy the third ultrasound is 
performed. If in both ovaries the total number of measurable follicular 
structures does not exceed 10, and one to four follicles have a diameter ex- 
ceeding 17 mm, the ovulatory dose of hCG (10 000 lU) is administered. The 
patient is advised to have intercourse on 3 consecutive days starting on the day 
of hCG administration. After induction of ovulation the patient is examined 3- 
5 and 7-9 days following the hCG injection. Special care is taken not to 
overlook possible ovarian enlargement, abdominal pains, tenderness or dis- 
tension, and weight gain exceeding 3 kg. At least one blood sample is drawn 
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and sent for progesterone assay. The patient is instructed to report back to the 
clinic if abdominal pains, nausea, vomiting, or diarrhea appears. If a sustained 
high phase of BBT lasts for more than 14 days, an hCG and progesterone assay 
should be performed to detect early pregnancy. 

Clinical research and experience showed that in gonadotropin therapy 
multifollicular and multiluteal cycles are a rule rather than an exception (Insler 
and Potashnik 1983). However, only a small proportion of the multiluteal 
cycles results also in multiple clinical pregnancies. Brown (1986) reported that 
although multiple preovulatory follicles were seen by ultrasound in 50% of 
gonadotropin-induced cycles, the recorded multiple pregnancy rate was only 
20%. O’Herlihy et al. (1981) found that multiple preovulatory follicles in 71% 
of clomiphene cycles, but the incidence of multiple pregnancy was only 14%. It 
is thus probable that in hMG-induced conception cycles a number of ova are 
usually released and possibly fertilized, but only one or two of them are des- 
tined to produce a fetus. 

IVF programs have made a very important contribution to the management 
of gonadotropin therapy, particularly when multiple follicles are stimulated. 
Some of the excessive follicles may be punctured under ultrasound control, 
thus reducing the estradiol levels, leaving a smaller number of follicles to be 
luteinized by the hCG administration and possibly diminishing the chance of 
clinical hyperstimulation. 

There is still no general agreement with regard to the integrity of corpus 
luteum function in stimulated cycles. Luteal insufficiency has been implied to 
be one of the major reasons for conception failure, nidation inadequacy, and 
early clinical abortion. The problem is too complicated to be explained by 
analysis of steroid levels and their ratios or by examination of endometrial 
structure using light microscopy (and possibly also standard electronmicro- 
scopy). To determine whether the luteal function in stimulated cycles is normal 
we must compare it with a gold standard, i.e., the corpus luteum function in 
spontaneous ovulatory cycles. Unfortunately, this standard is not made of 
“high-purity gold.” Landgren et al. (1980) examined 68 meticulously selected 
spontaneously ovulating healthy women and found that the length of sustained 
high-phase BBT was 13 days or less in 20% of cases. On day 8 after LH peak the 
difference between lowest and highest levels of estradiol was fourfold and those 
of progesterone ninefold. Colston- Wentz (1980) examined 97 endometrial 
biopsies of presumably ovulating infertile women and reported that 33% of the 
samples showed an out-of-phase endometrium. Perez and coworkers (1981) 
examined the corpus luteum and its function in 50 presumably ovulating in- 
fertile patients. They used four parameters: laparoscopy, progesterone values, 
endometrial biopsy, and BBT. In 39 patients all four parameters were syn- 
chronized, indicating adequate luteal function. However, in three cases, despite 
finding an apparently normal corpus luteum on laparoscopy, the other para- 
meters were abnormal. In eight other women laparoscopy did not reved the 
presence of a recent corpus luteum, but three of them had a secretory en- 
dometrium. It thus seems that accurate evaluation of corpus luteum function 
in normal ovulatory cycles is difficult due to (a) large variation of hormonal 
values between individuals, (b) the high-phase of BBT may be sustained by 
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relatively low progesterone values, (c) the timing of endometrial biopsy may be 
false, and (d) the standard histology of endometrium may not accurately re- 
present its functional capacity. 

Since most of the stimulated cycles are multifoUicular and probably multi- 
luteal, the problem is even more complicated. However, Laufer et al. (1982) 
found that in stimulated, presumably ovulatory, cycles the estrogen and pro- 
gesterone levels were significantly higher than in spontaneous ovulations, but 
in both groups steroid levels were similar in conceptional and nonconceptional 
cycles. Huang et al. (1986) reported that in IVF cycles the individual variation 
of progesterone levels during the luteal phase was large, but cycles with 
pregnancy did not significantly differ from those without pregnancy. Nylund et 
al. (1990) studied 57 IVF cycles from which 15 resulted in clinical pregnancy 
and 42 in unsuccessful implantation. The values of estradiol, progesterone, 
testosterone, and sex hormones binding globulin (SHBG) were not different in 
the two groups. The reports on endometrial structure in stimulated (or IVF) 
cycles are controversial. A search of the scientific literature from the past 
decade shows that some authors found frequent endometrial abnormalities 
(Cohen et al. 1984; Garcia et al. 1981; Sterzik et al. 1988; Paulson et al. 1990) 
while others reported that in stimulated and hyperstimulated cycles the en- 
dometrium was fully in phase, despite the high levels and/or abnormal ratios of 
sex steroids (Frydman et al. 1982; Dehou et al. 1987; Barash et al. 1991). 

Considering the methodological and objective difficulties in assessment of 
the corpus luteum function in stimulated cycles which are usually multi- 
follicular, it is obvious that no consensus has been reached with regard to 
exogenous hormonal support of the corpus luteum function following induc- 
tion of ovulation. Some authors advise supporting the corpus luteum by ad- 
ministering intramuscular injections or vaginal suppositories of progesterone 
(Leeton et al. 1985; Yovich et al. 1985). Others suggest two or thre booster 
injections of 2500-5000 lU of hCG on days 5 and 7 after ovulation induction 
(Hutchinson-Williams et al. 1990; Buvat et al. 1990; Yovich et al. 1991). The 
final conclusion as to the frequency and extent of corpus luteum insufficiency 
in stimulated cycles and the impact of this condition on the results of therapy 
cannot be established at this time. Consequently, the luteal phase support is 
not considered an integral part of ovulation (or superovulation) inducing 
therapy. 

It must be stressed, however, that luteal phase support is mandatory in the 
combined pituitary supression/ovarian stimulation protocols since in this type 
of therapy luteal insufficiency is often part and parcel of treatment. 



Results of Gonadotropin Therapy 

Conception rates following gonadotropin therapy depend on the following 
factors (in order of importance): (a) selection of patients, (b) type of mon- 
itoring, and (c) treatment scheme. In women with hypothalamic-pituitary 
failure (group I) substitution therapy with gonadotropins is very efficient in 
inducing ovulation and pregnancy. Gonadotropin treatment administered as 
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Stimulation or regulation therapy in patients having some, albeit deranged 
hypothalamic-pituitary-gonadal function (group II), is by far more compli- 
cated and less efficient (see also “Treatment Schemes”). 

While in patients of group I cumulative pregnancy rates of up to 82% are 
achieved, in group II conception rates vary between 20% and 35% (Lunenfeld 
and Insler 1978; Lunenfeld et al. 1981, 1985; Australian Department of Health 
1981; Bettendorf et al. 1981). The same discrepancy is also seen when cumu- 
lative pregnancy rates are calculated using the life-table analysis method. In 
group I, after six cycles of therapy, the cumulative pregnancy rate exceeds 90% 
in women under 35 years old. In contrast, patients of group II require 12 cycles 
of therapy to reach a cumulative conception rate of less than 60%. 

Age of the patients also influences the outcome of treatment markedly. 
Women over 35 years of age have a significantly reduced conception rate 
regardless of the type of diagnosis and treatment (Insler et al. 1981). The 
duration of amenorrhea, on the other hand, has no bearing on the results of 
gonadotropin therapy. The treatment is as efficient in women amenorrheal for 
1 year only as in those who suffered from amenorrhea for 10 years or more. 

Table 3 shows the results of gonadotropin therapy as reported by 18 dif- 
ferent groups working independently on four continents. This list does not 
include all data on gonadotropin therapy published so far. It shows, however, 
the overall dimension of this therapy and its importance in the therapeutic 
armamentarium of fertility clinics throughout the world. The list includes over 
23 000 treatment courses given to 7941 women and 2719 conceptions. Since the 
majority of entries deal with rather large groups of patients, this summary 
represents the results of gonadotropin treatment in unselected material typical 
to busy fertility clinics. The pregnancy rates (per patients) varied between 
23.1% and 82.5%, with an average of 34.2%. Pregnancy rates per cycle ranged 
from 7.1% to 21.8%. The intensity of treatment (the mean number of treatment 
courses per patient) fluctuated from 2.0 to 4.2. Knowing the pregnancy rate per 
cycle specific to each clinic one can easily calculate the overall prognosis and 
cost of this treatment. 

During the past few years gonadotropin stimulation has been used in 
spontaneously ovulating women with unexplained infertility or subfertility of 
the male partner. In this group the ovarian stimulation (or controlled hyper- 
stimulation) is usually combined with lUI. The results seem to be promising 
(Table 4). With a relatively low mean number of courses per patient (2) 16.1% 
of women achieved conception. During the past decade gonadotropin stimu- 
lation has been used extensively in spontaneously ovulating women to achieve 
superovulation combined with assisted reproductive techniques such as IVF 
with embryo transfer, GIFT, TET, or micromanipulation (ICSI). 

In this setting ovarian stimulation by gonadotropins is only one component 
of a complex clinical and laboratory process. Therefore results achieved reflect 
only in part the effectiveness of gonadotropin stimulation (Table 5). 
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Table 3. Conception rates following gonadotropin therapy in anovulatory patients 


Reference 


n 


Cycles 


Pregnancies 
n % cycles 


% patients 


Australian Dept. Health 


1056 


4008 


552 


13.8 


52.3 


(i98ir 












Bettendorf et al. (1981) 


756 


1585 


224 


14.1 


29.6 


Butler et al. (1970) 


134 


438 


31 


7.1 


23.1 


Caspi et al. (1974) 


101 


343 


62 


18.1 


61.4 


Ellis and Williamson 


77 


332 


43 


13.3 


55.8 


(1975) 












Gemzell (1970) 


228 


463 


101 


21.8 


44.3 


Goldfarb (1982) 


442 


1098 


118 


10.7 


26.7 


Healy et al. (1980) 


40 


159 


33 


20.7 


82.5 


Kurachi et al. (1983) 


2166 


6096 


523 


8.6 


24.2 


Lunenfeld et al. (1985) 


1107 


3646 


424 


11.6 


38.3 


Potashnik et al. (1986y 


262 


580 


85 


14.6 


32.4 


Spadoni et al. (1974) 


62 


225 


26 


11.5 


41.9 


Thompson and Hansen 


1190 


2798 


334 


11.9 


28.1 


(1970) 












Tsapoulis et al. (1974) 


320 


? 


163 


- 


50.9 


Total 


7941 




2719 




34.2 



^Personal communication. 

^Potashnik G, Glassner M, Holzberg G, Insler V (unpublished data) 



Table 4. Conception rates following superovulation gonadotropin therapy (controlled ovarian 
hyperstimulation) combined with lUI 



Reference 


n 


Cycles 


Pregnancies 
n % cycles 


% patients 


Serhal et al. (1988) 


48 


77 


5 


6.5 


15.6 


Wellner et al. (1988) 


97 


388 


12 


3.1 


12.4 


Chaffkin et al. (1991) 


266 


695 


85 


12.2 


31.9 


Chang et al. (1993) 


343 


467 


72 


15.6 


- 


Aboulghar et al. (1993) 


268 


463 


93 


20.1 


34.7 


Total 


1022 


2090 


267 


12.8 


26.1 



Ovulatory women treated for unexplained or male infertility. hHG stimulation combined with timed 
intercourse or lUI. 



Table 5. Conception rates following superovulation gonadotropin therapy controlled ovarian 
hyperstimulation combined with assisted reproductive technology 



Reference 


OPU 

cycles 


Transfer 

cycles 


Pregnancies 






n % OPU 


% transfers 


Cohen et al. (1993) 


138 238 


116 201 


26 411 19.1 


11,7 



The numbers are based on reports from 760 centers in 33 countries and refer to the year 1991. 



CSerono) 



PART OF THE ARES^SERONO GROUP 



Serono - 

Always one step ahead 

Historical steps in the development 
of infertility treatment 

1963 Registration of Pergonal, the first urinary 

human menopausal gonadotrophine (HMG) 

1985 Registration of Metrodin, the first urinary 
follicle stimulating hormone (FSH), still 
including 95% non-related proteins 

1993 Registration of Metrodin HP, the first highly 
purified FSH (less than 5 % impurities) 

1995 A new era begins with the registration of 

Gonal F: Gonal F represents the first genera- 
tion of human follicle-stimulating hormone 
produced by recombiimut DNA tedwolo^y, this 
means 



- highest purity combined with s.c. 
application 

- high clinical efficacy and safety 

- no restriction in terms of availability 
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Outcome of Pregnancies 

The course of gestation following induction of ovulation with gonadotropins 
appears to be normal. Analysis of the mode of delivery shows a high incidence 
of interventions, breech extraction, vacuum extraction, forceps delivery, and 
cesarean sections. The high incidence of obstetrical interventions may be ex- 
plained by elevated multiple pregnancy rate, primiparity ratios, relatively high 
maternal age, and psychological factors involved in delivering a “premium 
child” in patients of long-standing infertility. 

Our study (Ben-Rafael et al. 1986) showed that the sex ratio (M/F) among 
single births was 1.06 (54% boys) and that among twins 0.72 (42% boys). The 
number of triplets was too small to analyze. In 1976 Caspi reported 32 males 
and 50 females in the single births (39%), with a twin M/F ratio of 0.78 (Caspi 
et al. 1976). In the series reported by Bettendorf et al. (1981) the incidence of 
male children in single pregnancies was 51.8%. However, in the above authors’ 
series the incidence of males in twins and triplets was 53.8% and 66.7%, re- 
spectively. 

The normal secondary sex ratio at 28 weeks is considered to be 106 boys to 
100 girls (Tricomi et al. 1960; Serr and Ismajovich 1963). The sex ratio (M/F) 
for twins was found by Nichols (1952) to be 1.043, for triplets 1.007 and for 
quadruplets 0.940. The high incidence of girls in our twin series and the high 
incidence of male children in twins and triplets in the series of Bettendorf et al. 
1981 are probably due to the rather small numbers involved. By combining the 
three series, one approaches the expected sex ratios indicating clearly the 
importance of sufficiently large numbers to estimate similarities or divergence 
in sex ratio. 



Congenital Malformations 

Table 6 shows the rate of congenital malformations found in a combined series 
of 941 babies born after induction of ovulation with hMG/hCG. The incidence 
was 22.3/1000 and 19.1/1000 of minor and major malformations, respectively. 
The incidence of congenital malformations in normal populations has been 
reported to be 12.7/1000 after 28 weeks gestation, with a range of 3.1-22.5 
(Stevenson et al. 1966; McKeown 1960). There is a further rise to 23.1/1000 by 
the age of 5 years. Hendricks (1966) reported a rate of 3% in the neonatal 
period, with twice as many malformations in twin births, mostly monozygotic 
twins. Shoham et al. (1991) reviewed a large number of reports dealing with 
congenital malformations in children born after induction of ovulation and 
concluded that CC, hMG/hCG or the association of these drugs with IVF with 
embryo transfer and GIFT procedures do not carry an increased risk for 
congenital malformations as a whole, nor is there any specific malformation 
that has an increased incidence which is related in any way with the use of 
those drugs. Thus at present the clinical evidence does not indicate that babies 
born after hMG/hCG ovulation induction are at any greater risk of mal- 
formation than the general population. 
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Table 6. Congenital malformations after ovulation induction with human gonadotropins 



Reference 


n 


Major 


Minor 


Kurachi et al. (1985) 


509 


9 


1 


Hack and Lunenfeld (1978) 


209 


4 


4 


Caspi et al. (1976b) 


157 


4 


11 


Harlap (1976) 


66 


1 


5 


Total 


941 


18 (1.91%) 


21 (2.23%) 


Normal population 




(1.27%) 

(0.31%-2.25%) 


(7.24%) 



Complications of Gonadotropin Therapy 

All complications of gonadotropin treatment are due essentially to ovarian 
stimulation, follicular development and luteinization, or ovulation. To our 
knowledge, direct side effects to the drug itself have not been reported. The 
main complications of gonadotropin treatment are: (a) ovarian hyper- 
stimulation syndrome, (b) high incidence of multiple pregnancy, and 
(c) abortion, with a rate higher than in spontaneous conceptions. 



Multiple Pregnancy 

Multiple pregnancy is rather frequent following gonadotropin therapy. Brown 
(1986) reviewed 1712 pregnancies resulting from ovulation induction by hu- 
man pituitary or menopausal gonadotropins and found that the average 
multiple pregnancy rate was 24.4%, fluctuating between 21% and 33%. As 
expected, small series show lower incidence of multiple gestations than large 
series. The causes of multiple conceptions following induced cycles are very 
similar to those causing ovarian hyperstimulation, i.e., the pharmacological 
stimulation of multifollicular development. Thus, the risk factors and the 
possibilities to avoid (or at least reduce the incidence) of both complications 
are similar (see “Ovarian Hyperstimulation”). Insler and Potashnik (1983) 
reported that in 26% of gonadotropin-induced cycles three or more functional 
corpora lutea were produced, and that mean plateau progesterone levels were 
higher in the conceptional than in the nonconceptional cycles. Further analysis 
of the above data indicated that in hMG treatment cycles conception occurs in 
most cases in the presence of more than one corpus luteum and in one-quarter 
of cases in the presence of three or more functioning corpora lutea. Since only 
around 25% of gonadotropin-induced pregnancies result in twins and only 5% 
produce three or more fetuses, and since the mean plateau progesterone levels 
are similar in single and multiple hMG-induced pregnancies, it could be 
speculated that in the majority of hMG conceptions a number of ova are 
released and fertilized, but only one of them is destined to produce a living 
fetus. The others perish before reaching the uterine cavity or are absorbed or 
extruded prior to implantation. 
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If, however, a quadruplet, quintuplet, etc. pregnancy reaches the gestational 
age of 7-8 weeks, its further development may represent a severe danger to the 
fetuses because of a very high probability of extreme prematurity, a con- 
siderable medical complication to the mother, and a pronounced psychological 
social and financial burden to the family. The technique of fetal reduction 
under ultrasound control has been developed. Breckwoldt (1988) reported a 
case of gonadotropin-induced pregnancy with nine gestational sacks present in 
the uterus. Six of the fetuses were eliminated under ultrasound guidance. This 
technique, although medically simple and logical, is still controversial for 
ethical, legal, and religious reasons and the complication rates have yet to be 
finally assessed. 



Abortions 

The abortion rate in conceptions following gonadotropin therapy is around 
21%. Brown (1986) compiled and reviewed a series of 1712 pregnancies and 
found that the combined abortion and perinatal deaths rates fluctuated from 
10% to 28% in different reports. 

There is no significant difference in the abortion rate in relation to diag- 
nostic groups. The rate was 26% in the patients of group I and 32.6% in those 
of group II (Blankstein et al. 1986). However, the abortion rate in the first 
conception cycle (28.8%) was significantly higher than in the second or third 
gestation (12.8%). The main reasons for increased abortion rates in concep- 
tions resulting from induction of ovulation are thought to be: (a) structural and 
functional inadequacy of the endometrium to ensure proper and timely ni- 
dation of the embryo; (b) functional incompetence of the corpus luteum pre- 
venting it from a proper reaction to the pregnancy signal, i.e., the initial 
increase of hCG produced by the trophoblast; (c) multiple pregnancy; and (d) 
emotional factors. An in-depth analysis of the literature, however, suggests that 
the dominant cause for early pregnancy wastage in conceptions resulting from 
ovarian stimulation is the qudity of ova, which in turn depends on the nature 
of follicular environment during follicular maturation. This conclusion is also 
strongly supported by analysis of the fate of spontaneous pregnancies. Ac- 
cording to Chard (1991) only 30% of natural conceptions produce a term 
pregnancy. 



Long-Term Safety 

Nulliparity has been a consistently reported risk factor for carcinoma of the 
breast and endometrium (Ron et al. 1985; Kelsey 1979; Kelsey et al. 1982; 
Brinton et al. 1983; LaVecchia et al. 1984). 

A strong relation between age at first birth and breast cancer has been 
demonstrated. Although part of the association appears to be due to in- 
voluntary infertility, the biological mechanism involved in the etiology of fe- 



116 



B. Lunenfeld et al. 



male reproductive cancers remains unclear. While results from case-control 
studies have consistently shown that multiparity and oral contraceptives use 
are associated with a reduced risk of ovarian cancer, excessive unopposed 
estrogen secretion has been linked to endometrial and breast carcinoma. 

In recent decades a multitude of epidemiological studies have been pub- 
lished on the association of ovarian cancer with environmental factors, her- 
editary factors, and factors related to reproductive history. However, 
conclusive etiological studies are scarce for the following reasons: (a) all ex- 
amined associations appear to be weak; (b) the etiology of ovarian cancer 
appears to be multifactorial (this implies that considerable numbers of patients 
are needed to reach the threshold of statistical significance); and (c) based on 
the prevalence of ovarian carcinoma in the general population it is difficult to 
find enough cases to undertake an epidemiological study. 

Several authors have identified infertility as an independent risk factor in 
addition to the nulliparity effect. Whittemore (1989) called it “the ability to 
conceive,” and found a significant correlation between the number of years of 
unprotected intercourse and the risk of ovarian cancer. Joly (1974), Nasca 
(1984), and McGowan (1979) calculated the pregnancy rates per 1000 person- 
years at risk of pregnancy. They all found significantly higher rates in controls 
than in the cases of ovarian cancer. 

Hartge (1989) showed that infertile nulliparous women with a history of 
infertility had a 2.8 times higher risk than nulliparous women without such a 
history, and Harlow (1988) estimated this figure to be much higher, a factor of 
6. Booth (1989) concluded that the risk for ovarian cancer in nulligravid wo- 
men with more than 10 years of unprotected intercourse is 6.5 times higher 
than in nulligravid women with less than 5 years of unprotected intercourse. 
Whittemore (1989) found a relative risk of 1.8 for the same risk factor in all 
women, regardless of parity. 

The above findings were similar to the observations of Lais et al. (1988), who 
found six ovarian malignancies in 571 consecutive patients who underwent 
microsurgery for infertility. Five of the six patients were nulligravid. Of the five 
patients who had a laparoscopy some months previously, three had been ne- 
gative and in two, small “trivial” lesions had been reported. This prevalence 
figure is approximately ten times higher than the figure that was observed in 
general abdominal surgery or in pregnancy (Thornton 1987). 

Hartge et al. (1989; 296 cases and 343 controls) found a clear difference in 
cancer risk between non-married nulliparous women (no risk increase) and 
married nulliparous women (70% risk increase). When they considered spe- 
cifically nulliparous women who tried but failed to conceive, the risk ratio was 
2.8. The authors thus demonstrated that infertility by itself is associated with 
an increased risk in addition to the effect of nulliparity. 

Cramer et al. (1983; 215 cases and 215 controls) did not find an effect of 
infertility only. They found a 2.5 times higher risk in nulliparous women. 

Nasca et al. (1984; 403 cases and 806 controls) concentrated on the infertility 
factor. They calculated the ratio of total pregnancies to the number of con- 
traceptive-free year of marriage for each group. This ratio they found to be 
significantly lower in cancer patients (indicating an increasing risk with de- 
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creasing fertility). Their figures closely matched the findings of McGowan et al. 
(1979). Nasca concluded that infertility played an important role in the re- 
lationship between gravidity/parity and ovarian cancer risk. Fertility drugs 
were not mentioned in this paper. Joly et al. (1974) conducted a case-control 
study on ovarian carcinoma. The authors found a consistent risk increase 
linked with infertility. Their data had been collected between 1957 and 1965, 
i.e., before the widespread use of fertility drugs. 

In a recent publication Whitemore et al. (1993) using a large combined data 
set derived from case control studies in the United States interpreted their 
findings to show that an increased risk of ovarian cancer associated with in- 
fertility may be in part be due to the use of fertility drugs. The global study 
population of the three studies used by Whitemore et al. in their analysis 
included 2278 women, of whom only 1723 were evaluated in the analysis. The 
data related to infertility drugs were calculated from 20 ever-married patients 
with invasive epithelial ovarian cancer treated with infertility drugs and 11 
controls. This very small number of cases is responsible for the extremely wide 
95% confidence interval of 2.3-315.6 with a mean risk of 27.0 for women who 
despite receiving fertility drugs did not conceive. Conception reduced this risk 
to levels of fertile controls. The study also found an increased relative risk for 
epithelial ovarian cancer of low malignant potential among women who had 
used fertility drugs. The mean relative risk for this group was 4.0 with 95% 
confidence limits of 1.1-13.9, based on 4 cases and 9 controls. 

If one translates the estimates of Whittemore et al. (1993) into absolute 
figures, the added risk of cancer possibility being attributable to fertility drugs 
is approximately 8.3/1 00 000 (1 in 12 000/year) at age 30-34 and 21.1/1 00 000 
(1 in 5000) for ages 40-44. This absolute risk must be balanced, however, 
against the benefit of achieving a birth. 

The data of Whitemore et al. (1993) are in contrast to our results (Ron et al. 
1987; Lunenfeld et al. 1986, 1987). Our studies indicated that hMG/hCG therapy 
does not increase the risk for cancer. Because the number of women receiving 
each specific treatment was small, and the majority of patients had not yet 
reached the age of the maximal cancer risk, the statistical power for detecting 
minor effects of treatment was low. We therefore reinvestigated our data again 
10 years later (Modan et al. 1996). Preliminary results showed a similar trend 
even though the mean age of the women reached 52.6 years and the follow-up 
period was increased to more than 22 years and over 53 000 women years. 



Concluding Remarks 

During the past two decades human gonadotropins have become an integral 
part of therapy of functional infertility. Introduced as a substitution therapy for 
hypogonadotropic hypogonadism, the indications for this modality have been 
gradually amplified to the treatment of other types of fertility disturbances 
such as anovulation, oligoovulation, PCOD etc. Finally, the concept of 
achieving superovulation by controlled ovarian hyperstimulation in sponta- 
neous OA^ators has been instigated. This, in combination with IVF, GIFT, lUI, 
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and other assisted reproduction techniques, demanded the use of gonado- 
tropins in treatment of mechanical, male, and unexplained infertility. The 
number of patients treated grew over the years to such proportions that supply 
shortages of the drug have become evident. Production of human FSH and LH 
by genetic engineering techniques will probably enable to meet the growing 
demand in the near future. 
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Gonadotropin-Releasing Hormone: Agonists and Antagonists 

R. Felberbaum, T. Rabe, and K. Diedrich 



Introduction 

In adult women the cyclic function of the ovaries is embedded in the hy- 
pothalamic, pituitary, and ovarian feedback mechanisms [1]. The hypothala- 
mus is the superordinate organ releasing gonadotropin-releasing hormone 
(GnRH) in a pulsatile manner. GnRH is secreted by the neural cells of the 
nucleus arcuatus in the mediobasal portion of the hypothalamus. The axons in 
these neurons are in close contact with the vessels of the hypothalamic-pi- 
tuitary portal vein system. The pulsatile release of GnRH by the hypothalamic 
neurons causes the gonadotropic cells of the adenopituitary, which make up 
about 10% of its cell mass, to release the gonadotropins follicle-stimulating 
hormone (FSH) and luteinizing hormone (LH). They are also released in 
pulses. FSH and LH in turn control follicular maturation and gonadal sexual 
steroid biosynthesis. The spontaneous activity of the hypothalamic pulse 
generator is modulated by a number of neurotransmitters (norepinephrine, y- 
aminobutyric acid, dopamine, serotonin), neuropeptides (neuropeptide Y, 
proenkephalin, prodynorphin, proopiomelanocortin, corticotropin-releasing 
hormone), endogenous opioids (P-endorphin), and steroids (estradiol, pro- 
gesterone, and testosterone). For example, an oversupply of endogenous 
opioids as seen in anorexia nervosa can slow the pulse generator and cause 
hypothalamically induced hypogonadotropic amenorrhea. This has been suc- 
cessfully treated and an ovulatory cycle established by using an opiate an- 
tagonist [2]. 



The Physiology of the Menstrual Cycle 

The interval between two GnRH pulses is about 70-90 min [3]. When serum 
FSH exceeds a certain level, which varies from individual to individual, a 
“follicular cohort” is recruited in both ovaries as they reach follicular ma- 
turation. In the normal biphasic cycle, the FSH surge begins in the late luteal 
phase and continues into the early follicular phase of the following cycle. The 
recruitment of the follicular cohort is completed by day 3 of the cycle. The 
dominant follicle then appears, i.e., one follicle matures faster and earlier than 
the others. The exact selection mechanism is not known, but the relationship 
between the androgens produced in the theca cells and the capacity of the 
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granulosa cells to aromatize them to become estrogens seems to be one of 
several intraovarian mechanisms [4]. While FSH binds to the granulosa cells to 
induce estrogen synthesis, LH binds to the theca cells which form the pre- 
cursors needed for estradiol synthesis. Follicles accumulating insufficient 
quantities of FSH are exposed to excessive concentrations of nonaromatized 
androgens and are degraded [5]. The selection of the dominant follicle is 
completed by day 7 of the cycle. The dominant follicle phase is characterized 
by an exponential rise in serum estradiol. The negative feedback causes a fall in 
the concentrations of FSH and LH. When a maximum estradiol concentration 
of 150-500 pg/ml is reached immediately before ovulation, the positive feed- 
back triggers a massive release of LH from the pituitary. The LH peak induces 
ovulation, which occurs about 10-12 h afterwards [6]. It also causes the for- 
mation of the corpus luteum, which is reflected in a rise in progesterone. The 
corpus luteum continues to produce progesterone for 14 days, initiating the 
hyperthermic phase of the cycle due to its thermogenetic effect. Afterwards the 
progesterone level falls, menstruation starts, the FSH and LH levels rise 
slightly, a new follicular cohort is recruited, and a new cycle begins. 



Gonadotropin-Releasing Hormone 

The GnRH molecule is a chain of 10 amino acids (decapeptide) first isolated 
and characterised in 1971 by two independent groups after having competed 
against each other for 10 years. Schally and Guillemin were awarded the Nobel 
prize for their pioneering work in 1977 [7, 8]. Figure 1 shows the amino acid 
sequence of native GnRH. It has a half-life of only 2-5 min. It is quickly 
inactivated enzymatically by the corresponding peptidases, especially in the 
position 6. The consequence is that the single GnRH pulses released by the 
hypothalamus can act individually on the adenopituitary gland. It was only in 
1978 that the crucial relevance of this for the maintenance of ovarian function 
was recognized, when it was shown that continuous administration of GnRH 
produces a decline in the secretion of FSH/LH [9]. This means that while 
position 6 is important for the inactivation of the decapeptide, the amino acids 
in positions 2 and 3 are needed for gonadotropin release and those in positions 
1, 6 and 10 for maintaining the spacial structure and for binding [10]. The 
GnRH molecule binds to specific receptors on the membranes of the gona- 
dotropic cells of the adenopituitary. A gonadotropic cell is capable of secreting 
both FSH and LH, but these functions seem to change cyclically. The synthesis 
and the release of FSH and LH is regulated by GnRH. 



1 23456 7 89 10 

pGlu - His - Trp - Ser - Tyr - Gly - Leu - Arg - Pro - Gly-NH2 

Fig. 1. Amino acids in native GnRH 
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GnRH Receptor Binding 

When the GnRH receptor is occupied, complexes are formed by micro - 
aggregation of the GnRH receptors. These complexes seem to be the basis for 
the action of GnRH. Their importance can be derived from the fact that re- 
searchers have managed to convert a GnRH antagonist into a potent agonist 
using “double-linked” antibodies [11]. In addition to microaggregation, 
binding to the GnRH receptor on the surface of a gonadotropic cell leads to a 
change in the conformation of the receptor itself. These changes induce the 
calcium-dependent release of gonadotropins, a process involving many other 
“second messengers” such as phospholipids, diacyl glycerol, protein kinase C, 
inositol phosphates, arachidonic acid, leukotrienes, and cyclic adenosine 
monophosphate (cAMP) [12] (Fig. 2). 

Natural GnRH has a binding affinity to the pituitary of about 1 nM"\ It 
appears to bind to two sites: Those of high affinity, which represent the actual 
receptors for GnRH, and those of low affinity, probably endopeptidases. The 
number of GnRH receptors on the gonadotropic cell is subject to physiological 
variations. It is reduced at senior age and during lactation but increased by 
ovariectomy [10]. 

After the GnRH molecule has bound to its receptor, the whole receptor 
complex is incorporated into the cell followed by its degradation. The GnRH 
receptor complex does not have to be incorporated for the gonadotropins to be 
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Fig. 2. Binding of GnRH at the gonadotropic cell of the anterior pituitary gland. (From 
Kiesel 1993) 
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released, but incorporation does play a major role in the mechanism of action 
of agonistic GnRH analogues. 



Agonistic GnRH Analogues 

Attempts have been made to modify the GnRH molecule to increase its re- 
sistance to enzymatic degradation and its affinity to the GnRH receptor. 
Agonistic GnRH analogues have been developed. Most structural modifications 
concern positions 6 and 10, and the modification of both sites has a cumulative 
effect [13]. Table 1 shows the available preparations and their amino acid 
sequences. These GnRH agonists have 100-200 times the affinity of native 
GnRH to GnRH receptors [12]. They were originally synthesized for a stronger 
and longer lasting effect on the pituitary, and they cause an increased initial 
release of the FSH and LH stores and a short-term rise in the membrane-based 
receptors of the gonadotropic cell (up-regulation). When administered for a 
longer period, they simulate a chronic infusion of GnRH, and the pulsatile 
effect is neutralized. The agonist receptor complexes are incorporated, and the 
number of receptors falls. This process is commonly called down-regulation. 
The internalized agonist-receptor complexes are degraded by intracellular ly- 
sosomal enzymes, and the synthesis of new receptors is insufficient to cope 
with the loss of receptors. At the same time, postreceptor mechanisms are 
inhibited, and the synthesis of FSH and LH in the gonadotropic cell is reduced. 
The pituitary becomes refractory to the stimulating effect of native GnRH. The 
levels of FSH and LH in serum decline, their biological activity is depressed, 
and follicular maturation comes to a halt. Estradiol concentrations drop to the 
postmenopausal level (Fig. 3). The blockage of the pituitary function persists 
during therapy but is reversible afterwards. Follicular maturation can be 
suppressed chronically by daily intranasal or subcutaneous or monthly depot 
administration of the GnRH agonist. After discontinuing therapy the cycle 
normalizes within an average of 6 weeks [14]. 



The 'TIare-Up Effect" 

It is important to note that the inhibitory effect of the GnRH agonists always 
occurs after an initial stimulatory effect. This flare-up triggers a fivefold in- 
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Fig. 3. Pharmacological action of ago- concentration of LHRH-receptors 
nistic GnRH analogues. (From Kiesel of the adeno h>T>ophvsis 
1992) 




serum LH concentration 




serum oestradiol 




crease in FSH concentration and a nearly tenfold rise in serum LH levels after 
12 h. At the same time, estradiol levels rise briefly to about four times the 
baseline [15]. After the flare-up the levels decline continually, with FSH falling 
faster than LH. Postmenopausal estradiol levels are reached after an average of 
21 days. Despite this flare-up, which is undesirable in nearly all cases, GnRH 
agonists have become common therapeutic agents when reversible medical 
castration is desired. They are used for endometriosis, uterus myomatosus, 
estrogen receptor-positive mammary cancer, prostate cancer, pubertas precox, 
and infertility. Before the advent of GnRH agonists about 15%-20% of sti- 
mulated cycles were lost due to a premature LH rise. The introduction of 
pretreatment by down-regulation reduced this rate to below 2% and increased 
the effectiveness of therapy, i.e., the rate of conception and pregnancy [16]. 

The fact that the negative effect of the flare-up is anything but negligible can 
be illustrated by the example of prostatic cancer. The tumor flare syndrome is 
observed when bony metastases have formed, involving a deterioration in 
subjective complaints. For this reason the GnRH agonist is initially combined 
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with the androgen antagonist cyproterone actetate before the desired sup- 
pression can start [17]. No similar observations have been made for gyneco- 
logical indications, but a negative influence on these sexual steroid dependent 
diseases cannot be ruled out completely. In any event, about 3 weeks of 
therapeutic effect is lost. Table 2 lists the preparations currently available for 
clinical use including their pharmacology, formulation, and dosage. 



Use of GnRH Agonists for Controlled Ovarian Stimulation 

The use of GnRH agonists for the purposes of ovarian stimulation marks the 
beginning of the “modern management” of assisted reproduction. The pre- 
mature LH surge is responsible for the reduced effectiveness of ovarian sti- 
mulation by human menopausal gonadotropin (HMG) in an in vitro 
fertilization (IVF) program. At the same time, it negatively affects oocyte and 
embryo quality and the pregnancy rate [18, 19]. The introduction of agonist 



Table 2. Agonistic GnRH analogues (available preparations) 
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treatment has remedied most of these difficulties and drawbacks, and the rate 
of stimulated cycles which must be terminated has been brought down to 2% 
[16]. Ovulation induction has become plannable so that the psychological 
pressure on patients and physicians has been eased to some extent. Suppres- 
sion of endogenous hormone production by GnRH analogues followed by 
HMG stimulation has developed from second-line into first-line therapy. 



The Short and Ultrashort Protocols 

Both these protocols try to harness the initial increase in gonadotropin se- 
cretion (flare-up) for follicular stimulation [20, 21]. Under the short protocol 
the GnRH agonist is given subcutaneously (e.g., buserelin 600 mg/day) or 
intranasally (e.g., 2x2 puffs of 200 mg nafarelin/day) from day 1 of the cycle to 
the induction of ovulation with human chorionic gonadotropin (HCG) [22]. 
HMG stimulation starts 2-3 days after the first agonist dose (Fig. 4). 

Under the ultrashort protocol the GnRH agonist is administered sub- 
cutaneously or intranasally only on days 2-4 of the cycle. HMG stimulation 
starts on day 2, and ovulation induction with HCG begins when the well-known 
criteria are reached (dominant follicle about 20 mm and estradiol about 
400 pg/ml per follicle >15 mm; Fig. 5). 
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Fig. 4. Ovarian stimulation with HMG after pretreatment with GnRH-agonists: the 
“short protocol” 
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Fig. 5. Ovarian stimulation with HMG after pretreatment with GnRH-agonists: the 
“ultrashort protocol” 



Patient Monitoring in the Short and Uitrashort Protocols 

The patient is monitored daily by measuring serum estradiol and LH combined 
with vaginal ultrasound to assess follicular growth starting on day 5 of the 
cycle. On day 1, a baseline ultrasound is required before stimulation begins so 
as to exclude any functional ovarian cysts (>15 mm) or cystic adnexae caused 
by other factors. 

If such factors are present, a spontaneous cycle or gestagen-induced men- 
struation should be awaited. If the cystic finding persists, it should be in- 
vestigated before stimulation is started. 

Both protocols are reliable ways of preventing a premature LH rise. Their 
advantage is that they prolong the stimulated cycle only slightly, if at all. At a 
consumption of about 27 ampules of HMG per stimulated cycle, both are cost- 
efficient, and consumption is only negligibly higher than with no analogue 
pretreatment [23]. One disadvantage is the increased LH concentration in the 
early follicular phase due to increased secretion of endogenous gonadotropin, 
which can affect follicular maturation adversely [24, 25]. In terms of the 
number of oocytes retrieved and embryos transferred, the long protocol has 
proven superior in prospective comparative studies [23]. Retrospective studies 
show that the long term protocol yields significantly better pregnancy rates 
irrespective of the analogue used [26], and in prospective studies, they were 
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also higher under the long than under the short protocol (25.7% vs. 16.6%), but 
the difference was not significant [27]. 



The Long Protocol 

The long protocol has become the standard method in most major centres. It 
aims at desensitizing the pituitary before HMG stimulation commences. For 
this purpose, the GnRH agonist is administered either daily subcutaneously or 
transnasally or in the form of a subcutaneous (e.g., 3.6 mg goserelin) or in- 
tramuscular (e.g., 3.2 mg triptorelin) depot preparation from the midluteal 
(day 22) or early follicular phase (day 1). The advantage of starting medication 
in the midluteal phase is that the flare-up coincides with the physiological rise 
in gonadotropin. The drawback is that therapy may accidently clash with an 
existing pregnancy at a very early stage. However, no teratogenic effects of 
GnRH analogues are known [28]. No statistically significant advantages of one 
regime over the other have so far emerged [29]. 



Patient Monitoring in the Long Protocoi 

Fourteen days after the start of GnRH agonist medication, it can be assumed 
that the hypothalmic-pituitary-ovarian axis has essentially been decoupled. 
The baseline hormone status is now assessed. HMG stimulation may start at 
LH levels below lOmIU/ml and estradiol below 50 pg/ml. But before that, the 
patient is examined by vaginal ultrasound to exclude functional ovarian cysts. 
Such cysts occur in about 13%-25% of the stimulated cycles, mainly under the 
first, long protocol [30, 31]. In most cases, they are follicular cysts caused by 
the stimulatory flare-up acting on an already-growing follicle. Due to the 
subsequent pituitary blockade, however, these follicles do not ovulate and 
remain at the stage of functional cysts. Since this can cause an increase in the 
consumption of HMG and an enlargement of the ovaries, they should be 
treated prior to stimulation [32]. We would recommend a transvaginal punc- 
ture. Alternatively, under the long protocol, regression of the cysts can be 
awaited as the administration of agonists continues. Regression seems to occur 
earlier when agonist application has started in the midluteal phase [33]. 

Stimulation begins with 2 ampules of HMG daily on days 1, 2 and 3. On days 
4-7, the patient receives 3 ampules of HMG daily, and from day 8, regular 
measurements of estradiol and LH are taken along with transvaginal ultra- 
sound folliculometry to determine the subsequent dosage of HMG. When the 
patient has entered the active phase with continuously rising estradiol levels, 
the dose can be maintained. Until this phase is reached, the dose can be slowly 
increased by one ampule at a time in 2 -day intervals. If the stimulated cycle 
proves unsuccessful after IVF and embryo transfer, the dose can be increased 
faster in the next cycle until the individual threshold is reached. 

As soon as one or preferably several follicles measuring about 20 mm are 
identified by folliculometry, and estradiol increases to a level of about 300- 
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400 pg/ml per follicle larger than 17 mm, 10 000 lU HCG is administered i.m. 
in the evening (patient consent required). Follicular puncture monitored by 
transvaginal ultrasound is performed 36 h later under mild sedation or general 
anesthetic as desired by the patient (Fig. 6). The timing of puncture has be- 
come fully calculable under this regime and can be set to suit the requirements 
of both the center and the couple. It is no problem to postpone ovulation 
induction by 24 or 48 h for any reason, since some working groups have 
achieved even better results if the follicles were left to grow to an average 
diameter of 23 mm than under the standard regime described above [34]. 

The long protocol synchronizes follicle maturation and makes it possible to 
select a larger number of follicles or oocytes for IVF than the other protocols. A 
disadvantage is the high consumption of HMG, which averages 45 ampules per 
stimulated cycle [35]. This makes the therapy much more expensive. 



The Effect of GnRH Agonist Medication on the Luteal Phase 

An inadequate luteal phase after ovarian stimulation with HMG preceded by 
pituitary down-regulation by the GnRH agonist (long protocol) was first de- 
scribed by Smitz et al. in 1987 [36]. Eight days after the administration of HCG 
the serum levels of both progesterone and estradiol drop sharply. Pituitary LH 
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Fig. 6. Ovarian stimulation with HMG after pretreatment with GnRH-agonists: the “long 
protocol” 
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secretion remains blocked until the end of the luteal phase and leads to pre- 
mature luteolysis, thereby removing the stimulus necessary for the large 
number of corpora lutea [37]. Endometrial biopsies have shown a delay of 
secretory conversion in more than 50% of the stimulated cycles [38]. The 
GnRH agonists enter the growing follicles and bind to the GnRH receptors of 
the granulosa cells [39]. This could be the cause of reduced progesterone 
synthesis, as has been suggested by in vitro studies [40]. 



Luteal Support 

Ovarian stimulation under the long protocol needs supporting in the luteal 
phase. Support may be provided in the form of further doses of HCG (5000 lU 
i.m. on days 2 and 5 after follicle puncture). This ensures a timely development 
of the endometrium and a corresponding increase in pregnancy rates [41]. 
However, this treatment may also cause or aggravate an ovarian hyper- 
stimulation syndrome (OHSS) if multiple follicles are luteinized [42]. A now 
common alternative is to administer natural progesterone intravaginally over 
14 days (3x2 Utrogestan vaginal tablets = 3x200 mg micronized progester- 
one daily) as an effective and safe method [43]. 



Luteal Phase Support as a Function of Response 

The choice of medication must therefore be based on the response of the 

individual patient. We recommend the following approach: 

- Estradiol levels below 2000 pg/ml at the time of follicular puncture: the 
patient is given 5000 lU HCG i.m. on the day of embryo transfer and again 
on day 5 after follicle puncture. 

- Estradiol levels between 2000 and 5000 pg/ml at the time of follicular 
puncture and more than 15 follicles: 3x2 tablets of Utrogestan are ad- 
ministered daily for 14 days from the day of puncture. Additionally, 5000 lU 
HCG is given i.m. on the day of embryo transfer. 

- Estradiol levels above 5000 pg/ml at the time of follicular puncture and/or 
more than 15 follicles: 2x2 tablets of Utrogestan are administered over 14 
days from the day of puncture. No additional HCG is given. The same 
approach is taken if the patient has been diagnosed to suffer from polycystic 
ovaries (PCO) with a hyperandrogenemic hormone status [44]. 



Agonistic GnRH Analogues for Uterus Myomatosus, Endometriosis, 
and Sexual Steroid-Dependent Malignomas 

Although the flare-up effect is nearly always undesirable, GnRH agonists have 
become the therapy of choice wherever a temporary chemical castration is 
sought. This applies to the therapy of endometriosis, uterus myomatosus, es- 
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trogen receptor-positive mammary cancer, prostatic cancer, and pubertas 
praecox. 

Patients with large myomas scheduled for a fertility preserving operation, 
those with hemoglobin-reducing hypermenorrhea, and those scheduled for 
hysteroscopic ablation of myomas are commonly treated with GnRH agonists 
preoperatively. These therapies are rather effective; on average myomas shrink 
by about 50% within 3-6 months. In the case of endometriosis GnRH analo- 
gues have become established alongside danazol as part of a three-step concept 
(primary surgery, follow-up drug treatment, second-look operation). All clin- 
ical symptoms of endometriosis are relieved markedly by GnRH agonists [45]. 



Antagonistic GnRH Analogues 

In parallel with the development of agonists, other substances have been 
synthesized which also bind to the pituitary receptor for the GnRH molecule 
but do not trigger the secretion of gonadotropin. Several hundred of these so- 
called GnRH antagonists, which cause an immediate and sustained blockage of 
the pituitary against native GnRH, have been synthesized since its discovery by 
changing the amino acid sequence at positions 1, 2, 3, 6, and 10. 



Histamine Release 

The first generation of these GnRH antagonists proved to be effective only in 
vitro. At a higher dose they also produced an effect in vivo. Within hours the 
level of gonadotropins and sexual steroids dropped [13]. However, allergic side 
effects of varying extent occurred because of the histamine-releasing action of 
these agents. Localized reddening and induration as well as generalized edemas 
and anaphylactoid reactions made a clinical application impossible. The lo- 
calized and systemic histamine-releasing effect seems to be due to the presence 
of GnRH receptors on histamine-storing mast-cells. When they are occupied 
by the GnRH antagonists, the histamine deposits degranulate [12]. Native 
GnRH can also release histamine, but in much smaller amounts (ED50 for 
native GnRH = 186 mg/ml; ED50 = molar concentration of a peptide releasing 
50% of all the histamine to be released from rat peritoneum). On the molecular 
level this effect seems to be due to a combination of the amino acid D-arginin 
in position 6 with hydrophobic amino acids at the N-terminal end. The hy- 
drophobic nature of the GnRH antagonists is the reason why the substances 
tend to jellify after administration. 

On account of these side effects antagonists initially appeared less likely to 
be used in therapy than agonists. The ideal GnRH antagonist was expected to 
have a potent and sustained effect with no histamine release and no jellifica- 
tion. 
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Modern GnRH Antagonists 

When the second and especially the third generation of GnRH antagonists was 
developed, this goal came within reach. Figure 7 shows the structural formulae 
of the more recent GnRH antagonists Nal-Glu, Antide, and Cetrorelix, for 
which the largest body of clinical data is available. Cetrorelix seems to be the 
only substance to have reached market maturity. In four studies covering more 
than 100 subjects no patient had to be excluded because of allergic side effects 
[46-49]. Compared to other antagonists Cetrorelix is clearly the most potent 
per unit of weight. 



Mechanism of Action of GnRH Antagonists 

The effect of GnRH antagonists is based on a completely different mechanism 
than that of the agonists. While agonists desensitize the gonadotropic cells by 
down-regulating the GnRH receptors, GnRH antagonists compete with native 
GnRH for binding to the receptors on the cell membranes, prevent their mi- 
croaggregation, and block the postreceptor mechanism. Antagonists are devoid 
of any intrinsic activity and lead to a classic competitive inhibition at the 
GnRH receptor based on the law of mass action; therefore their effect depends 
much more on dose than that of the agonists. The antagonistic action on the 
pituitary is direct, i.e., without any intermediate stimulation. 

Figure 8 shows the mean serum LH levels over time after subcutaneous 
administration of 3 mg in 30 healthy women ovulating regularly. Within 8 h 
LH levels start to fall, and sharply reduced levels are reached after 16 h [46]. In 
1991 Dittkoff et al. showed that a GnRH antagonist applied for a short period is 
capable of suppressing the ovulation-inducing midcycle LH peak [50]. They 
administered 50 mg of Nal-Glu per kilogram body weight and day for 4 days. 
The LH peak failed to occur, estradiol production came to a halt, and follicular 





Fig. 7. Modern GnRH-antagonists: Nal-Glu, Antide, Cetrorelix 
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hours 



Fig. 8. Mean serum-concentrations of LH (mlU/ml) after subcutanous administration of 
3 mg Cetrorelix in 30 healthy women with normal cycle. (From Klingmiiller 1993) 

growth was interrupted. After discontinuing the antagonists gonadal function 
normalized within days, whereas this period may be as long as 6 weeks after 
down-regulation by agonists. Apparently antagonists neither deplete the FSH 
and LH stores of gonadotropic cells nor inhibit gonadotropin synthesis. 

Maintenance of Pituitary Response under GnRH Antagonists 

Because of competitive inhibition it is possible to fine-tune the anti- 
gonadotropic effect by selecting the dose of the antagonist, either maintaining 
a residual secretion of estradiol or suppressing it completely, depending on the 
indication for therapy. This could help avoid typical side effects like hot flu- 
shes, sweating, vaginal dryness, etc. [56]. 

The pituitary remains susceptible to stimulation by GnRH and continues to 
react adequately. The maintenance of the pituitary response was demonstrated 
convincingly by a GnRH test in 20 patients treated with Cetrorelix at the start 
of an IVF program [57]. All patients were stimulated with HMG from day 2 of 
their cycles. Fifteen patients additionally received 3 mg Cetrorelix daily s.c. and 
five patients were given 1 mg Cetrorelix daily s.c., starting on day 7. 3 h before 
ovulation induction all patients received 25 mg GnRH. LH levels were mea- 
sured before and 30 or 180 min after GnRH administration. LH levels were 
deeply suppressed in both groups by the antagonist. In the case of pretreat- 
ment with 3 mg Cetrorelix, LH levels reached an average of 10 mlU/ml 30 min 
after GnRH administration, while 32.5 mlU/ml were attained on average after 
pretreatment with 1 mg Cetrorelix (Fig. 9). It is also possible to restore the 
ovulatory cycle during an antagonist-induced suppressed phase by pulsatile 
GnRH [58]. This is the treatment regimen for infertile patients with hy- 
pothalamic dysfunction (WHO I), in whom ovulatory cycles can be induced 
with a GnRH pump (Zyklomat, Ferring) in more than 90% of cases [59]. 
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Fig. 9. Serum LH levels (mlU/ml) 30 min after GnRH; pretreatment with 3 mg (series 2: 
n = 15) and 1 mg Cetrorelix (series 1: n = 5) daily 

GnRH Antagonists in Infertility Treatment 

There has been a debate about the merits of the long protocol aiming at 
complete pituitary desensitization before the start of HMG stimulation, com- 
pared to the short and ultrashort protocols exploiting the flare up. The long 
protocol as the most effective method has won the argument. However, its 
disadvantage is its long duration and high cost because large amounts of HMG 
are required. For this reason GnRH antagonists have a place in IVF programs. 

The Lubeck Protocol 

Diedrich et al. used the regime described in Fig. 10 to stimulate 15 patients, 
some of whom had shown a premature LH rise in preceding cycles. Five other 
patients received 1 instead of 3 mg/day Cetrorelix s.c. from day 7 to the day of 
ovulation induction [48]. Figures 11 and 12 show estradiol, progesterone, FSH, 
and LH concentrations over time. A premature LH surge occurred in no case. A 
total of 144 oocytes were retrieved, an average of 8.1 per patient. The fertili- 
zation rate was 61.5%; 42% of the embryos available for transfer were of 
excellent quality. On average the number of HMG ampules used per cycle was 
27. Under the long protocol the usual consumption per cycle is 40-50 ampules. 
This means that the amount of Cetrorelix required is within the range of the 
ultrashort protocol, which used to be considered cheapest [55]. Diedrich et al. 
supported the luteal phase with 5000 lU HCG on days 2 and 5 after follicular 
puncture, applying their experience with the agonist protocol to the antago- 
nists. Whether this is really necessary remains to be determined by further 
studies. After Nal-Glu administration over 4 days at midcycle, ovulation oc- 
curred spontaneously, and the luteal phase was normal [50]. 




142 



R. Felberbaum et al. 



Amp. 

HMG 



Menses 



Ceftrorellx 

(3mg;1 mg;0,5mg/dey} 



EslradiciE >1000 pgvml 

f Folittia \ 

I " 20 mm / 

OPU 



I 



0 



7 



14 

HCG 



Fig. 10. Controlled ovarian hyperstimulation with HMG and concomitant GnRH an- 
tagonist administration (Cetrorelix): the Liibeck-protocol 
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Fig. 11. Serum LH- and FSH-levels (mlU/ml) under controlled ovarian hyperstimulation 
with HMG and concomitant GnRH -antagonist administration (Cetrorelix; mean ± SEM) 

Ovarian Stimulation with HMG and Concomitant GnRH Antagonists at Different Doses 

Thrity-five patients with tubal infertility and no other infertility factors to be 
observed were stimulated with HMG from the second day of the cycle. From 
day 7 up to ovulation induction with HCG 12 patients received the antagonist 
Cetrorelix at a dose of 3 mg/day subcutaneously, 12 patients received 1 mg, 
and a further 1 1 were treated with a dose of 0.5 mg. On day 5 the dose of HMG 
was adjusted to the individual patient depending on ultrasound findings and 
estradiol levels. Treatment continued with 10 000 lU HCG up to ovulation if the 
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Fig. 12. Serum estradiol (pg/ml) and progesterone levels (ng/ml) under controlled 
ovarian hyperstimulation with HMG and concomitant GnRH- antagonist administration 
(Cetrorelix; mean ± SEM) 



dominant follicle was 18-20 mm in size and the estradiol levels indicated 
adequate follicular maturation. Transvaginal follicular puncture, IVF, and 
embryo transfer followed as usual in our IVF program. To support the luteal 
phase patients received 5000 lU HCG i.m. on days 2 and 5 after follicular 
puncture. During the stimulated cycle daily blood samples were collected to 
determine FSH, LH, estradiol, and progesterone. Figures 13 and 14 show the 
mean concentrations of FSH and LH over time. The levels of LH were below 
2 mlU/ml from day 12 onwards. No premature endogenous LH rise was ob- 
served, and no treatment had to be discontinued for this reason. 

A continous dose-dependent rise in estradiol concentrations was observed 
at all three doses. In the 0.5 mg-group the rise between days 7 and 1 1 was much 
steeper than in the other two groups (Fig. 15). On day 10 maximum levels of 
2164 ± 2102 pg/ml were reached in the 0.5 mg group compared to 
852 ± 325 pg/ml in the 3 mg group and 1022 ± 602 pg/ml in the group re- 
ceiving 1 mg Cetrorelix. The considerable standard deviation under 0.5 mg/ml 
can be attributed to one low responder in this group. Ovulation was not in- 
duced in this patient, but her hormone profile was included in the statistical 
analysis. In a matched pair comparison of the rise in concentration on days 
7-11 between the patients treated with 0.5 mg and those treated with 1 mg, the 
Wilcoxon rank sum test suggested a difference in the gradient of the curve. Of 
course, due to the retrospective approach, this statistical analysis is of a merely 
explorative nature. 

As expected, progesterone levels rose after day 12 of the cycle. No proges- 
terone rise was observed during the follicular phase. HCG was administered for 
ovulation induction between days 10 and 14 (Fig. 16). The fertilization rate of 
the oocytes retrieved by follicular puncture was 45.3% in the 3-mg group, 
53.2% in the 1-mg group, and 67.7% in the 0.5-mg group. In the 3 mg group 
106 oocytes were retrieved and 30 embryos replaced after IVF. Of these, 36.7% 
were considered “excellent” by microscopic-morphological criteria [51]. In the 
1-mg group 94 oocytes were retrieved, 28 embryos replaced, and 53.6% of them 
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Fig. 13. Mean serum concentrations of FSH (mlU/ml) under controlled ovarian hy- 
perstimulation with HMG and concomitant Cetrorelix administration at various dosages 
(series 1:3 mg; series 2:1 mg; series 3:0.5 mg) 



judged “excellent.” In the 0.5-mg group 27 of 127 retrieved oocytes were re- 
placed as embryos, of which 37% were “excellent.” We cannot specify the 
cleavage rate after successful fertilization since, under the German Embryo 
Protection Act, the decision regarding which embryos are to be replaced must 
be taken as early as in the pronuclear stage [52] (Table 3). 

The average consumption of HMG per stimulated cycle was 30 ampules in 
the 3-mg group, 27 in the 1-mg group, and 26 in the 0.5-mg group. These 
differences are not statistically significant. The administration of 0.5 mg/day 
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Fig. 14. Mean serum concentrations of LH (mlU/ml) under controlled ovarian hyper- 
stimulation with HMG and concomitant Cetrorelix administration at various dosages 
(series 1:3 mg; series 2:1 mg; series 3:0.5 mg) 
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Fig. 15. Mean serum concentrations of estradiol (pg/ml) under controlled ovarian hy- 
perstimulation with HMG and concomitant Cetrorelix administration at various dosages 
(series 1:3 mg; series 2:1 mg; series 3:0.5 mg) 



Cetrorelix s.c. from day 7 until the induction of ovulation is sufficient for the 
reliable prevention of an endogenous premature LH surge. This puts the sti- 
mulation protocol described above (Liibeck protocol) in the same league as the 
mode of adminstration published by Olivennes et al. [53]. They applied a single 
dose of Cetrorelix when serum estradiol levels reached between 150 and 
200 pg/ml. A second injection was given 48 h later if ovulation had failed to 
occur in the meantime. The single dose was 5 mg (Fig. 17). No premature LH 
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Fig. 16. Mean serum concentrations of progesterone (ng/ml) under controlled ovarian 
hyperstimulation with HMG and concomitant Cetrorelix administration at various do- 
sages (series 1:3 mg; series 2:1 mg; series 3:0.5 mg) 
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Table 3. Controlled ovarian hyperstimulation with HMG and concomitant 
Cetrorlix at 3, 1, and 0.5 mg 





3 mg 


1 mg 


0.5 mg 


No. of oocytes 


106 


94 


127 


Fertilization rate (%) 


45.3 


53.2 


67.7 


No. of embryos 


30 


28 


27 


Proportion of “excellent” embryos (%) 


36.7 


53.6 


37 



surge has been seen so far among 17 women treated under this protocol either 
[53]. 

As is the case with long agonist treatment, the luteal phase was supported in 
both study protocols. Under the Liibeck protocol natural HCG was used, while 
Olivennes et al. chose natural progesterone, administered intravaginally. 
Whether this is really necessary remains to be determined by other studies 
since no luteal phase defect was found in the study by Dittkoff et al. after the 
GnRH antagonist Nal-Glu given at midcycle had been discontinued [50]. The 
minimum effective dose of Cetrorelix has yet not been determined by either 
study. With the Liibeck protocol, we must examine whether 0.25 mg or even as 
little as 0.1 mg daily is enough. Further studies are required to clarify this 
point. 

Judged by the gradients of estradiol rise, the ovaries are be more sensitive to 
HMG stimulation in the 0.5-mg group than in the groups receiving higher 
doses. Because of the small number of subjects and the retrospective evaluation 
method, however, this is a mere observation rather than a statistically con- 
firmed conclusion. Furthermore, there is no consistent explanation for this 
finding since gonadotropin levels do not match it. At the moment it would be 
pure speculation to look for possible explanations on a paracrine-ovarian level, 
as has been discussed for GnRH agonists [54, 55]. It remains to be seen 
whether further studies, possibly with doses below 0.5 mg, can produce similar 
findings. 

Judged by the rate of fertilization of the oocytes retrieved after IVF, the 
lowest dose of 0.5 mg/day Cetrorelix is the most successful. At 28 ampules 
HMG per stimulated cycle for all three doses taken together, mean consump- 
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tion is within the range of the short agonist protocol, which aims to integrate 
the flare-up of the gonadotropins into the stimulation but yields far lower 
fertilization rates. The average amount of HMG in the long agonist protocol, 
which attempts to reach complete desensitization of the pituitary before the 
onset of stimulation, is 40 ampules. The advantages of GnRH antagonists used 
in IVF are shorter stimulation, reduced HMG consumption, and lower costs. 



Polycystic Ovaries Syndrome 

PCO patients have now been treated with GnRH agonists for about 10 years 
[61]. It has become clear that the long-term administration of an agonist re- 
duces the secretion of estradiol and ovarian androgens. The latter effect seems 
to be caused by reduced bioactive LH levels. Suppressing the pathological 
gonadotropin secretion (increase in the LH/FSH ratio) corrects the disruptive 
effect on the ovaries. After reaching suppression FSH/LH or FSH alone can 
normalize follicular maturation and synchronize the growth of the follicles. 
Unfortunately, pretreatment with GnRH agonists does not prevent hyper- 
stimulation syndromes. On the contrary, it has been shown that HMG sti- 
mulation following down-regulation results in a higher rate of OSHH than 
HMG therapy alone. Half of these cases were considered severe [33]. This effect 
is attributed to the more readily achieved high estradiol levels resulting from 
the synchronous and rapid maturation of many follicles. In high-risk patients 
hyperstimulation can be reliably prevented by refraining from ovulation in- 
duction. The way in which the luteal phase is supported also plays an im- 
portant role. When progesterone is given (e.g., 3x2 50 mg vaginal 
suppositories daily), the complication rate is probably lower in these risk 
patients than under repeated doses of HCG [43]. We can conclude that a 
patient with PCO must be monitored closely and frequently during therapy. 
Compared to GnRH agonists, antagonists have the advantage of immediate 
gonadotropin suppression without an initial flare-up. Furthermore, the sup- 
pression of LH secretion by GnRH antagonists seems to be more effective than 
that of FSH, which could be beneficial in those cases of PCO which are char- 
acterized by an LH/FSH ratio shifted in favor of LH. 



Ovarian Hyperstimulation Syndrome 

In the course of ovarian stimulation with HMG ovulation is normally induced 
by HCG. This effect is based on the similarity of LH and HCG in molecular 
structure and biological activity [62]. HCG can imitate the midcycle LH peak 
typical for a spontaneous cycle. Despite the similarity HCG does not provoke 
the same physiological reaction as endogenous LH. It has a longer half-life than 
LH and fails to produce the physiological FSH rise at midcycle [63]. The extent 
to which these mechanisms play a role in the genesis of hyperstimulation is 
unclear, but researchers agree that the syndrome constitutes a serious com- 
plication of ovulation induction after treatment with gonadotropins. OHSS is 
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characterized by massively enlarged ovaries, hemoconcentration, electrolytic 
changes, ascites and an increased risk of thromboembolism. Women who are 
aged under 35 years and have PCO, very high estradiol levels under stimulation 
(> 5000 pg/ml), and multiple immature and intermediary follicles seem to be 
at a particular risk of developing OHSS after ovulation induction. 



Alternative Methods of Ovulation Induction 

OHSS can always be avoided by refraining from using HCG. Alternatively, 
there have been successful attempts at inducing ovulation in PCO patients with 
0.5 mg decapeptyl s.c. in HMG-stimulated cycles without preliminary agonist 
treatment. No case of severe OHSS has occurred [64]. Since pituitary reactivity 
is maintained, this approach seems to be practicable for agonist treatment as 
well. It is also possible to trigger ovulation by pulsatile administration of GnRH 
under antagonist medication [58]. It is conceivable that downstream processes 
occur without any support for the luteal phase in the same way as in patients 
with WHO I infertility. However, it remains to be seen whether the rate of 
OHSS is really lower under this therapy, or whether the syndrome is only less 
acute. 



Uterus Myomatosus, Endometriosis, and Sexual Steroid Sensitive Malignomas 

Myomas are the most frequent benign tumor in women of reproductive age. 
Among women entering menopause after the age of 50 years 40% develop 
myomas. Internationally, uterus myomatosus is the most frequent indication 
for gynecological surgery. In the United States an average of 6000 hyster- 
ectomies are performed daily because of uterus myomatosus [65]. Patients with 
larger myomas scheduled for a fertility-preserving operation, those with he- 
moglobin-reducing hypermenorrhea, and those requiring a hysteroscopic ab- 
lation of their myomas have become standard candidates for preoperative 
GnRH agonist therapy. Therapy is efficient and reduces the size of the myomas 
by about 50% in 3-6 months. Whether this very expensive therapy is rea- 
sonable in all cases is another question. The first results of daily GnRH an- 
tagonist treatment with Nal-Glu published by Kettel in 1993 show that the same 
shrinkage rate is reached within one month. Further shrinkage after this period 
has not been observed [66]. 



Side Effects of GnRH Agonist Therapy 

On the other hand, the side effects of long-term GnRH agonist therapy must 
not be neglected. Hot flushes occur in 81%, headaches in 30%, nausea and 
dizziness in 21%, and the patient suffers from loss of libido and a depressive 
mood. Furthermore, especially younger women are at risk of osteoporosis. 
Depending on author, loss of bone mass is reported at 3.4%-7.4% after 6 
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months’ continuous therapy, for example, in cases of severe endometriosis [67, 

68 ]. 



GnRH Antagonists: An Alternative to the "Add-Back" Therapy? 

However, in cases of uterus myomatosus and endometriosis, there seems to be 
a threshold concentration of estradiol at which no disease is induced, but the 
symptoms of estrogen deprivation are prevented. Although this threshold has 
not yet been precisely defined, these observations are the basis for the so-called 
add-back therapy. As early as 1991 Maheux et al. administered 0.3 mg con- 
jugated estrogens daily on days 1-25 after 3 months of Zoladex and managed to 
maintain the estradiol concentration at about 25 pg/ml. Zoladex administra- 
tion continued, but no regrowth of the myomas was seen. Instead, subjective 
symptoms improved markedly [69]. Because of the specific mechanism of 
action of GnRH antagonists determined by the law of mass action, it is possible 
in principle to adjust the dose to maintain this threshold amount. It may be 
difficult to find the ideal dose of the depot preparation in view of inter- 
individual and intraindividual fluctuations, but the mere possibility seems 
tempting. This would mean the end of time limits for therapy. 



GnRH Antagonists and Sexual Steroid-Sensitive Maligomas 

In the long run GnRH antagonists will replace agonists for the therapy of 
hormone receptor-positive mammary cancer. Initial in vitro studies on en- 
dometrial cancer have suggested that antagonists inhibit proliferation and have 
a cytotoxic effect [70]. The situation is different for ovarian cancer. The ad- 
ministration of GnRH agonists as part of the so-called “decapeptyl study” has 
produced no therapeutic benefit. However, GnRH antagonists seem to interfere 
with the receptors for epidermal growth factor and insulin-like growth factor I. 
In nude mice transplanted with human ovarian cancer cells this led to an 85% 
reduction in the initial tumor volume, an effect which triptorelin administered 
in the control group failed to achieve [71]. 



GnRH Antagonists and New Opportunities for Contraception 

Contraceptive methods play a key role in gynecology. GnRH analogues could 
have a potential for male contraception. The results so far are promising, but a 
breakthrough still seems to be far away [72]. On the other hand, a combination 
of antigestagens such as RU 486, which have not been licensed in Germany, 
with oral GnRH antagonists, which remain to be developed, could lead to a 
completely new form of oral contraceptive for women [73]. 
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Introduction 

Almost all complications of gonadotropin treatment are due essentially to 
ovarian stimulation, multiple follicular development and luteinization, or 
ovulation of numerous follicles. The main complications are: (a) high in- 
cidence of multiple pregnancy which may result in serious gestational and 
perinatal complications such as prematurity, pathological lies, and presenta- 
tions and high incidence of cesarean sections, (b) ovarian hyperstimulation 
syndrome (OHSS). 

Modern treatment of infertility makes extensive use of ovulation-inducing 
drugs such as clomiphene citrate, human menopausal gonadotropins (hMG), 
highly purified or recombinant follicle-stimulating hormone (FSH, rFSH), 
synthetic native gonadotropin-releasing hormone (GnRH) and its numerous 
agonists (GnRHa). These drugs are administered in three different treatment 
modalities: (a) substitution therapy to replace lacking endogenous ovarian 
stimulation capacity; (b) regulation therapy to override inappropriate en- 
dogenous signal transmission; and (c) superovulation therapy aimed at de- 
veloping an oversized follicular cohort which subsequently yields a high 
number of ova ready for natural or in vitro fertilization. 

Any of these treatments, particularly superovulation, may result in the de- 
velopment of multiple follicles, which when luteinized produce excessive 
quantities of peptides regulating the growth and permeability of blood vessels. 
The final effect of this sequence of events may be a massive fluid shift and 
recompartmentalization, resulting in hypovolemia on the one hand and in 
edema, ascites, hydrothorax, or hydropericardium, on the other, which in 
consequence may lead to impaired function of the heart, kidneys, and liver as 
well as to thromboembolic phenomena. 

It must be realized that OHSS is a iatrogenic disorder, which at present 
cannot be entirely avoided, but its incidence may be significantly reduced by 
flexible planning and meticulous monitoring of ovarian stimulation therapy, 
and its outcome may be dramatically impropved by appropriate therapy. 
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Classification of Ovarian Hyperstimulation Syndrome 

A comprehensive classification of hyperstimulation into six grades based on 
the severity of the symptoms, signs, and laboratory findings was originally 
proposed by our group in 1967 [1]. It was later modified into three grades [2] 
(Table 1): 

- Grade I (mild hyperstimulation) is characterized by bilateral ovarian en- 
largement, by multiple follicular and corpus luteum cysts measuring up to 
5x5 cm. Laboratory findings in serum include estradiol values greater than 
1500 pg/ml/ml (6000 pmol/1), progesterone levels greater than 30 ng/ml 
(115 nmol/1) in the early part of the luteal phase, or urinary estrogen levels 
above 150 |ig/24 h, and pregnanediol excretion above 10 mg/24 h. 

- Grade II (moderate hyperstimulation) is characterized by ovaries enlarged 
up to 12x12 cm accompanied by additional symptoms such as abdominal 
discomfort and gastrointestinal symptoms such as nausea, vomiting, and 
diarrhea. A sudden increase in weight above 3 kg may be an early sign of 
moderate hyperstimulation. 

- Grade III (severe hyperstimulation) is defined by the presence of large 
ovarian cysts, ascites, and in some cases pleural and/or pericardial effusion, 
electrolyte imbalance, hypovolemia, and even a hypovolemic shock. In ex- 
treme cases there is severe hemoconcentration, increased blood viscosity, 
and thromboembolic phenomena. 

The incidence of moderate and severe hyperstimulation compiled from 
more than 11 300 treatment cycles reported in the literature varies from 3.1%- 
6% and 0.25%-1.8%, respectively [3]. Since the introduction of ultrasound in 
the monitoring of ovulation induction the rate of severe OHSS has probably 
decreased. Unfortunately, however, to our knowledge, no data derived from 
large series have been recently published. 

Tulandi et al. [4] found the pregnancy rate in hyperstimulated cycles to be 
three times greater than in nonhyperstimulated cycles. It is generally agreed 



Table 1. Grades of OHSS 



Signs and symptoms 


Grade I 


Grade II 


Grade III 


Excessive steroids 


+ 


+ 


+ 


Ovary size 


Enlarged 


6-12 cm 


>12 cm 


Abdominal discomfort 


? 


+ 


+ 


Abdominal distension 




+ 


+ 


Nausea 




+ 


+ 


Vomiting 




? 


+ 


Diarrhea 




? 


+ 


Ascites 




? 


+ 


Hydrothorax 






+ 


Hydropericardium 






? 


Oliguria 






+ 


Severe hemoconcentration 






+ 


Thromboembolic phenomena 






? 
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that mild hyperstimulation (multifollicular development) is associated with an 
increased pregnancy rate. This indicates that causing mild OHSS might be 
beneficial to increase the pregnancy rate. However, it should be noted that in 
severe hyperstimulation the abortion rate is significantly increased. 

The induction of mild hyperstimulation - renamed with a probably more 
correct term “superovulation” or controlled ovarian hyperstimulation - is 
today generally used in in vitro fertilization protocols and combined with 
intrauterine inseminations in the treatment of unexplained, cervical, and some 
forms of male infertility. It has been clearly shown that transfer of more than 
one embryo increases pregnancy rate significantly. It has also been pointed out 
that aspiration of follicles may lower the chance of development of clinical 
hyperstimulation by reducing the mass of luteinized granulosa cells, although 
it must not be considered as a full safeguard. This practice has also been 
suggested as a hyperstimulation preventing measure in ovulation induction in 
anovulatory patients. Hazout and Belaisch [5] recommended that in treatment 
cycles in which prior to the administration of hCG more than three large 
follicles were present, ovulation should be induced, and 36 h later follicular 
aspiration is performed leaving only two follicles. The oocytes of the others are 
fertilized in the laboratory and frozen. If the patient does not become pregnant, 
these additional embryos are transferred in later cycles. 



Pathogenesis 

The primary basis of ovarian hyperstimulation is multifollicular development. 
In the spontaneous ovulatory cycle delicate but efficient feedback mechanisms 
ensure the recruitment of a limited number of early antral follicles into a 
functional cohort and full development of a single leading follicle capable to 
ovulate in response to the midcycle surge in luteinizing hormone (LH) (Fig. 1). 
In gonadotropin-stimulated cycles this fine endogenous control does not exist 
and cannot be fully replaced by even the most meticulous monitoring. A 
pharmacological dose of gonadotropins is administered to ensure successful 
therapy. This results in recruitment and maintenance of a number of antral 
follicles, several of them being sustained as leading follicles and capable of 
either luteinization or ovulation (Fig. 2). Final maturation and luteinization of 
multiple follicles results in excessive production of vascular endothelial growth 
factor (VEGF). This peptide has been shown to exert a twofold action: it serves 
as a potent promoter of neovasculogenesis, on the one hand, and may increase 
permeability of blood vessels walls, thus disrupting functional integrity of the 
vascular bed, on the other [6-8]. Thus, the appearance of OHSS may be per- 
ceived as an exaggeration of a physiological process. Its successive stages 
(Fig. 3) consist of: 

1. Recruitment of a large number of small antral follicles into a functional 
cohort 

2. Sustainment of the development of numerous large antral follicles until 
ovulation (or luteinization) 
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Fig. 1. Schematic presentation of follicular development in a spontaneous cycle. De- 
pending on their proximity to the ovarian vascular bed and the possible action of some 
yet undefined growth factors, approximately 300 primordial and preantral follicles start 
to develop until several of them reach the early antral stage and acquire FSH receptors. 
These early antral follicles are then recruited into a cyclic cohort by rising levels of FSH. 
Continuous FSH stimulation permits the selection of one representative of an antral 
follicular cohort for further growth. The selected dominant follicle regulates inhibin, 
FSH, and LH levels in a manner ensuring its further development, on the one hand, and 
atresia of all other follicles originating from the same cohort, on the other 



3. Excessive production of VEGF by the developing large follicles 

4. Exaggerated perifollicular neovascularization, some of the new blood vessels 
exhibiting increased permeability 

5. Escape of follicular fluid and perifollicular blood vessels content containing 
large amounts of VEGF into the peritoneal cavity and its subsequent ab- 
sorption into the general vascular bed 

6. Functional impairment of general vascular bed 

7. Massive fluid shift from the intravascular into the third compartment 

8. Intravascular hypovolemia, concomitant with development of edema, as- 
cites, hydrothorax, and/or hydropericardium 

9. Impairment of cardiac, renal, pulmonary, and liver function 

Ovarian hyperstimulation occurs after massive follicular luteinization. It is 
therefore observed only following hCG administration or a spontaneous LH 
peak induced by the elevated estrogen production of multifollicular growth. 
After hCG administration the clinical symptoms usually appear 5-10 days 
following the first dose of hCG. In cases with a spontaneous LH surge hy- 
perstimulation is rare. This might be due to intraovarian regulatory compo- 
nents such as inhibin, insulin-like growth factor- 1 (IGF-1) and its binding 
proteins (IGF-BPs), angiotensin-prorenin-renin complex etc., and/or ovarian 
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Fig. 2. Schematic presentation of follicular development stimulated by the administra- 
tion of exogenous gonadotropins. Depending on their proximity to the ovarian vascular 
bed and possible action of some yet undefined growth factors, approximately 300 pri- 
mordial and preantral follicles start to develop until several of them reach the early 
antral stage and acquire FSH receptors. Administration of a pharmacological dose of 
gonadotropins results in recruitment of a large cohort of early antral follicles (latent 
phase of therapy). Continuous administration of exogenous gonadotropins permits 
sustainment of development of multiple follicles (active phase of therapy), several of 
them acting as dominant follicles and reaching preovulatory stage 

pituitary feedback regulation including also secretion of specific gonadotropin- 
secretion- attenuating factor. 

With the increased use of triphasic therapeutic regimes consisting of hMG 
stimulation following desensitization of the pituitary gland by gonadotropin- 
releasing hormone (GnRH) agonists, the estrogen-induced endogenous LH 
surge is practically eliminated. This therapeutic method reduces hyper- 
stimulation caused by a spontaneous LH surge but may increase the rate of 
hyperstimulation following hCG because in combined pituitary suppression/ 
ovarian stimulation therapy significantly larger doses of hMG are employed. 

As discussed below, preventing ovulation by withholding hCG is an effective 
method of avoiding hyperstimulation in overstimulated ovaries. 

The fact that ovulation (luteinization) is necessary for the OHSS to occur 
suggests the involvement of intraovarian regulators in the pathogenesis of this 
syndrome. 

Polishuk and Schenker [9] found that high-dose hMG treatment caused no 
complications in male rabbits while all hyperstimulated female rabbits, in- 
cluding a group with extraperitonealized ovaries, displayed ovarian enlarge- 
ment and ascites. They concluded that ovarian secretion is responsible for 
increased capillary permeability, causing an extraperitoneal fluid shift. In fact. 
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Fig. 3. Pathophysiological mechanism of ovarian hyperstimulation syndrome 



high levels of ovarian hormones have been detected in severe cases of clinical 
hyperstimulation, including estradiol, estriol, progesterone, 17-hydroxy-pro- 
gesterone, pregnanediol, pregnanetriol, testosterone, 17-hydroxycorticoster- 
oids, and 17-ketosteroids [10]. 

The exact factor(s) responsible for enhanced capillary permeability have 
until recently been the subject of vehement debate. While Schenker and Po- 
lishuk [11] have proposed prostaglandins, others have implicated estrogens in 
this role. The former’s hypothesis is supported by the fact that anti- 
prostaglandins such as indomethacin alleviate ascites formation. However, 
Pride et al. [12] contested the above hypothesis. In their experiments with 
rabbits ascites formation was not influenced despite good suppression of 
ovarian prostaglandins. Thus they suggest that prostaglandins are not ob- 
ligatory mediators of the third space fluid shifting. 

Other findings support estrogen’s role in increasing capillary permeability. 
Davis [13] found that injection of estradiol increased the rate of labeled al- 
bumin loss into the extravascular space. Cecil et al. [14] reported effects ex- 
erted by estrogen upon the uterus, such as water imbibition, hyperemia, 
electrolyte changes, and vasodilation. The length of the effect was dose-related, 
with permeability returning to normal after 48 h. However, findings of other 
authors question the estrogen hypothesis. For example, the administration of 
large doses of exogenous estrogens does not cause the syndrome [15]. Re- 
gardless of its etiology, the increased capillary permeability results in massive 
ascites and hypovolemia, which Engel et al. [16] term the “cardinal events” in 
the pathogenesis of OHSS. Hypovolemia is associated with hemoconcentration, 
decreased central venous pressure, low blood pressure, and tachycardia. Severe 
hypovolemia also causes decreased renal perfusion, leading to increased re- 
absorption of sodium and water in the proximal tubule [9], causing oliguria 
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and low urinary sodium. Exchange of hydrogen and potassium for sodium in 
the distal tubule is reduced resulting in an accumulation of and causing 
hyperkalemia and a tendency to acidosis [16]. Additional factors leading to 
increased sodium retention in patients with OHSS include: (a) increased renin 
production, (b) enhanced aldosterone secretion, and (c) elevated androgens. 

Sims [17] proposed that increased progesterone in these patients causes a 
natriuretic effect which could stimulate increased aldosterone secretion. This 
effect could be further compounded by elevated androgens which might in- 
crease retention of water and Na'^ in humans [18]. 

Cytokines such as interleukin- ip or interleukin-6 (lL-6) have also been 
suggested as possible actors on the OHSS stage since they have an effect on 
vascular permeability. Both serum and ascitic fluid from women with OHSS 
contain signiflcantly higher levels of 11-6 than control sera and peritoneal fluids 
[18b]. A significant cause effect relationship between cytokines and incidence 
or severity of OHSS has not yet been established. 

Several authors have proposed that the sequence of events leading to clinical 
ovarian hyperstimulation is initiated by excessive activation of the angiotensin- 
renin system [19, 20] Navot et al. [21] reported that plasma renin activity is 
significantly elevated in hyperstimulated cycles and is correlated with severity 
of hyperstimulation. On the other hand, some signs or components of hy- 
perstimulation syndrome such as ascites hypovolemia and enlarged ovaries 
may by themselves stimulate renin production [17-24]. As pointed out above, 
at present the preeminent theory is that VEGF of follicular origin is the main 
component responsible for development of OHSS. 

The extensiveness of ascites is reflected in the patient’s weight gain. Indeed, 
an initial gain of more than 3 kg following hCG administration should be 
considered a serious warning sign of developing OHSS, warranting close pa- 
tient observation. Patients with severe OHSS can gain as much as 15-20 kg. 

A quite dangerous but rare side effect of OHSS is the occurrence of 
thromboembolic phenomena. The connection between hMG/hCG treatment 
and clotting abnormalities was first described by our group [25]. While the 
cause of thromboembolic phenomena is still not fully established, it is probably 
related to hemoconcentration and associated with elevated estrogen levels. 
Philips [26] reported high levels of factor V, platelets, fibrinogen, profi- 
brinolysin, fibrinolytic inhibitors, and increased thromboplastin generation in 
patients with OHSS. 



Management 

Recognition of Risk Factors Inferring Development of OHSS 

Knowledge of the risk factors and close observation of clinical conditions are 
useful for preventing or at least reducing the incidence of severe hyper- 
stimulation. Factors which should be considered include: (a) patient risk fac- 
tors (age, diagnosis), (b) estrogen levels before hCG administration, (c) method 
of drug administration, (d) results obtained by ovarian ultrasound, (e) FSH/LH 



Ovarian Hyperstimulation Syndrome 



161 



ratio, and (f) probably the level of growth hormone (GH) and or IGF-1, which 
have been shown to modulate ovarian sensitivity to gonadotropic stimulation. 

Whereas young oligomenorrheal anovulatory women are at a greater risk of 
OHSS, increased age is associated with a decrease in the risk of OHSS [27] but 
probably with a higher risk for thromboembolic complications and, obviously, 
a much lower chance for success. The lower GH reserve in this age group may 
be one of the factors explaining lower risk for OHSS. Amenorrheal patients 
who respond to progestational agents with withdrawal bleeding are at a greater 
risk than hypoestrogenic amenorrheal women, and these should be treated 
more conservatively and monitored more closely. Tulandi et al. [4] found that 
when hyperstimulation occurs in hypoestrogenic amenorrheal patients, it 
tends to occur in their first treatment cycle, because the response of this group 
of women to ovarian stimulation is relatively uniform in consecutive cycles. On 
the other hand, spontaneously menstruating patients are notoriously capri- 
cious in their reaction to gonadotropin therapy, and it is extremely difficult to 
predict the hMG dose required for stimulation on the strength of previous 
treatment cycles. 

The risk of polycystic ovarian disease (PCOD) patients with elevated LH 
levels to develop OHSS is high following clomiphene citrate and gonadotropin 
treatment. Since growth factors have a role in modulating ovarian sensitivity, 
and PCOD patients have decreased IGF- IBP, it can be speculated that the 
resulting excessive level of free IGF-1 increases ovarian sensitivity to gona- 
dotropic stimulation and may increase the risk of hyperstimulation. Future 
management may involve monitoring of GH, IGF-1, and/or IGF-IBP levels to 
reduce this risk. 



The Role of Treatment Schedule in Prevention of OHSS 

Incidence or severity of OHSS is also related to treatment schedule and to the 
dose of hMG or FSH and hCG. Administration of hMG or FSH according to an 
individually adjusted treatment scheme (with stepwise increasing or decreasing 
daily doses) is associated with a lower incidence of OHSS than when gona- 
dotropins are administered according to other, particularly fixed regimes. In 
addition, a lower incidence of OHSS is found in cycles in which hCG admin- 
istration does not overlap with hMG treatment [28]. Polishuk and Schenker [9] 
found that increased doses of hMG are associated with increased OHSS severity 
as indicated by ovarian size and severity of ascites and pleural effusion. The 
study of Tulandi et al. [4] of 27 anovulatory women who had experienced at 
least one episode of hyperstimulation during hMG/hCG therapy suggest that 
there is no such correlation. These authors found no significant difference in 
either the duration of treatment or the amount of hMG administered between 
nonhyperstimulated and hyperstimulated cycles. It seems that the variability of 
patient response is of greater significance than the variability of dose. Modern 
monitoring techniques facilitate the establishment of proper dosage to sti- 
mulate proper level of follicular development, but it is unlikely that it will be 
possible to eliminate the occurrence of hyperstimulation completely. 
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Due to its longer biological half-life (30 h), the administration of hCG cre- 
ates an ovulatory surge of rather long duration. We observed that following 
intramuscular or subcutaneous injection of a single dose of 10 000 lU hCG high 
levels of the hormone were observed for 3-4 days, and the substance was still 
detectable in serum after 8 days (Shoham et al., personal communication). 

Several authors recently proposed creating a more attenuated and shorter 
midcycle gonadotropin surge by stimulating secretion of endogenous LH with 
administration of GnRH agonist [29-32]. Indeed, the results published so far 
are encouraging. The GnRH agonist is able to evoke an LH surge sufficient for 
inducing ovulation but not prominent or long enough to provoke ovarian 
hyperstimulation. Although promising, this therapeutic variant should not be 
regarded as foolproof insurance against ovarian hyperstimulation, since 
pharmacological ovarian stimulation will probably always carry some like- 
lihood of triggering this complication. Indeed, van der Meer et al. [33] reported 
that in 48 cycles of ovarian stimulation with hMG followed by ovulation in- 
duction by nasal application of GnRHa, moderate OHSS was observed in three 
instances. It is still not certain whether the corpus luteum function following 
ovulation induced by GnRH agonists is adequate to sustain nidation and 
continuation of pregnancy, or whether pharmacological luteal support is 
mandatory [34]. Animal experiments also suggest that the GnRHa has a direct 
effect on the developing follicle. It has been shown that GnRHa can induce 
ovulation in hypophysectomized rats by affecting the levels and function of 
ovarian tissue-type plasminogen activator. Hsueh et al. [35] showed that in 
pregnant mare’s serum gonadotropin primed hypophysectomized rats GnRHa 
stimulated the induction of tissue-type plasminogen activator and its specific 
mRNA in granulosa cells. Recombinant human LH will become available for 
clinical use within the next few years. Since this preparation has a biological 
half-life of approximately 10 h, which is significantly shorter than that of hCG 
(30 h), this might enable devising treatment protocols creating a shorter and/ 
or lower LH peak than that created by standard hCG. Such protocols might 
reduce the incidence of OHSS. 



The Role of Monitoring in Prevention of OHSS 

The pattern of estrogen rise, reflecting follicular development, is a useful 
parameter for monitoring HMG treatment. A steep increase in estrogens, i.e., 
doubling of serum levels on consecutive days should be regarded as a serious 
warning sign. Serious consideration must be given to the timing and amount of 
hCG administration. It has been recommended that whenever urinary estrogen 
levels exceed 200 |ag/24 h or plasma estrogens 1500 pg/ml (SI units 
> 6000 pmol/1), the administration of hCG to induce ovulation should be 
withheld in that treatment cycle. We generally adhere to this rule; however, 
since strict adherence may be overly conservative and cause a fall in pregnancy 
rate, in special cases we have given hCG when urinary estrogen levels reach 
levels greater than 200 pg/24 h or serum levels exceed 1500 pg/ml, and this has 
seldomly resulted in severe hyperstimulation. 
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Modern monitoring techniques facilitated the determination of the hMG 
dose appropriate for obtaining optimal conditions for follicular development. 
The profile of estrogen response reflects follicular development and function 
and constitutes a useful parameter for the surveillance of hMG treatment. It 
furnishes a general index of the follicular function but does not give any 
precise indication on the number and size of the follicles present. Elevated 
levels of estrogens may reflect the presence of one or two mature follicles or a 
large number of intermediate-size follicles. 

Thus if estrogen levels are elevated, ultrasound visualization of the follicles 
permits a more precise interpretation of the meaning of estrogen level and 
facilitates decision making. It is clear that OHSS appears generally in patients 
with high levels of estrogens; however, it is also sometimes observed in women 
in whom estrogens are not excessive, and, conversely, some patients with high 
levels of estrogens do not develop OHSS. This demonstrates that the de- 
termination of the number and size of follicles is probably a more precise 
criteria for the prediction of OHSS. In our opinion, ultrasound constitutes the 
best predictive parameter for assessment of the risk of OHSS. 

In a recent prospective study we noted that induction of ovulation with hCG 
in the presence of more than five intermediate-sized follicles (9-15 mm) is 
significantly correlated with the appearance of OHSS. Tal et al. [36] came to a 
similar conclusion, showing that in cycles under gonadotropin therapy the 
administration of hCG in the presence of one dominant and fewer than four 
immature follicles never provoked OHSS. However, a number greater than four 
follicles (14-16 mm) was significantly correlated with the occurrence of OHSS. 
They suggest that ovarian follicles of 14-16 mm in diameter should cause 
concern, and that secondary follicles rather than the dominant follicles are a 
valuable sign of possible development of OHSS. Our own data [37] suggest that 
the number and size of various types of follicles are correlated well with the 
appearance of OHSS. Patients without hyperstimulation had the lowest total 
number of follicles in the preovulatory period (less than 6). 

In mild hyperstimulation the number of preovulatory follicles is increased 
by 38% and in the moderate or severe hyperstimulation by 76% (9.6 follicles). 
Furthermore, the distribution of the follicular categories, small, intermediate, 
and large, on the day of hCG administration, characterizes the severity of 
OHSS. Patients in whom hyperstimulation does not develop show a nearly 
equal distribution of the three follicular groups. Mild OHSS is characterized by 
a significantly increased number of intermediate-size follicles (68.7%). In 
women who developed severe hyperstimulation 54% of the follicles were less 
than 9 mm in diameter. Thus a decrease in the proportion of the mature 
follicles and an increase in the fraction of the small functioning follicles cor- 
related with an augmented risk for the development of severe OHSS. 

The measurement of estrogens together with ultrasound may prevent hy- 
perstimulation by withholding the administration of hCG. It can be re- 
commended that in gonadotropin- stimulated cycles combined with in vivo 
fertilization, in the presence of estradiol above 1500 pg/ml (or > 6000 pmol/1) 
and that of more than two follicles greater than 17 mm together with more 
than four follicles of less than 17 mm, the injection of hCG should be withheld. 
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If estradiol is above 1500 pg/ml in the presence of more than two large follicles 
but in the presence of less than four smaller follicles, hCG may be administered 
and follicular reduction [4] may be considered as described above. In patients 
with estradiol levels of less than 1500 pg/ml in the presence of no more than 
two follicles above 17 mm and fewer than four smaller follicles, hCG may be 
administered and it is unlikely that OHSS will occur. 

Analysis of several large series encompassing 1 1 342 treatment cycles 
showed that the incidence of moderate and severe hyperstimulation was 3.4% 
and 0.8%, respectively [3]. Only some of the patients who received hCG despite 
inappropriate rise or excessive levels of estrogen developed ovarian hyper- 
stimulation. It is certain, however, that most women who did develop the 
syndrome had abnormally high preovulatory estrogen levels. It should also be 
noted that these data were based on reports describing ovulation-inducing 
therapy instituted prior to the introduction of combined hormonal/ultrasound 
monitoring. 



Preventive Therapy 

Tan et al. [38] injected women prone to developing severe hyperstimulation by 
high estrogen levels and multiple follicular cohort (more than 20 follicles ob- 
served on ultrasound) with 100 mg hydrocortisone i.v. immediately after oo- 
cyte recovery followed by oral prednisolone administration for 5 days. The 
hyperstimulation rate in patients treated and the control group was very si- 
milar (41.2% and 42.9%, respectively). 

Asch and coworkers [39] administered to patients prone to developing 
OHSS human albumin at the time of oocyte retrieval and immediately there- 
after. Of the 36 women treated none developed ovarian hyperstimulation. 
Another randomized placebo-controlled study in 31 women undergoing in 
vitro fertilization with embryo transfer, all of whom had multifollicular de- 
velopment accompanied by high serum estradiol levels (> 7000 pmol/1), re- 
ported that while none of patients treated with albumin developed OHSS, four 
women in the placebo group had to be hospitalized and treated for severe 
ovarian hyperstimulation [40]. Albumin is effective in correcting hemody- 
namic instability and balancing hypovolemia. It has also a remarkable ab- 
sorption capability and could possibly reduce the amount of VEGF circulating 
in the blood, thus removing the main factor disrupting blood vessels integrity. 
Fisher et al. [41] proposed replacing albumin by 10% hydroxyethyl starch 
infusion, which is commercially available, cheaper, and free of risk factors 
inherent to blood products. 



Treatment of Clinical OHSS 

As ovarian hyperstimulation is a self-limiting disease, its treatment should be 
symptomatic and conservative, although the severity of its symptoms may 
demand radical, intensive care. Treatment is generally medical, with lapar- 
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otomy reserved for cases of abdominal catastrophe (e.g., ovarian torsion or 
rupture and internal hemorrhage). The ovarian cysts are so large and brittle 
that surgical attempts as a palliative procedure usually result in oophorectomy. 

Mild hyperstimulation can proceed to the moderate and severe form, 
especially if conception ensues. Therefore the patient should be observed until 
vaginal bleeding appears, and if not for at least 2 weeks. Treatment of moderate 
hyperstimulation (Fig. 4a,b) consists of: observation, bed rest, adequate fluid 
supply, and follow-up of cysts size by ultrasound. If the cysts regress, as evi- 
denced by reduction in size on two consecutive ultrasound scans, and clinical 
symptoms recede, it may be assumed that the disease has run its course and 
will not progress to the severe form. The most important feature of manage- 
ment of moderate OHSS is early detection of the severe form of the syndrome. 
This may be heralded by continuous weight gain, increase in severity of ex- 
isting symptoms, or appearance of additional symptoms such as vomiting, 
diarrhea, and dyspnea. 

Medical treatment of severe hyperstimulation is aimed at: (a) maintaining 
blood volume while correcting the disturbed fluid and electrolyte balance, 
(b) relieving secondary complications of ascites and hydrothorax, and (c) 
preventing thromboembolic phenomena. 

Fluid balance should be accurately monitored by net fluid flow (intake/ 
output record), weight and girth measurements, and hematocrit examinations. 
In severe cases central venous pressure should be monitored. 

Plasma expanders such as hemacell, dextran, human albumin, and plasma 
(500-1000 ml/24 h) supplemented with appropriate electrolytes should be 
administered early. This treatment may be complemented by reducing capil- 
lary permeability with indomethacin, a blocker of prostaglandin synthesis. 
However, pregnancy should be excluded before prescribing this drug as it is 
possibly teratogenic. Diuretic agents are not recommended since fluid in the 
third space is unavailable for diuresis, and most diuretics influence the distal 
tubule with minimal effect on the proximal tubule [16]. Thus the artificially 
induced diuresis may further diminish the intravascular volume but be unable 
to cause reduction of the ascites or hydrothorax. 

Another important goal of treatment is relieving pulmonary and/or ab- 
dominal pressure symptoms. Pleural effusions should be drained, and Rabau et 
al. [1] proposed paracentesis for further alleviating breathing difficulty. Insler 
and Lunenfeld [42] have been successful in using paracentesis in such patients. 

Thaler et al. [43] reported a dramatic improvement in creatinine clearance 
and urine volume and a significant weight loss following abdominal para- 
centesis performed on a pregnant patient with severe OHSS. Schenker and 
Weinstein [44] stated that abdominal paracentesis for drainage of ascites 
should not be performed as there is a danger of puncturing large ovarian cysts, 
which could result in intraperitoneal hemorrhage. Although theoretically 
correct, this danger has been significantly reduced by ultrasound control of 
paracentesis. Indeed, in our experience, not a single case of intraperitoneal 
hemorrhage requiring surgical intervention has been observed following 
drainage of ascites in severe hyperstimulation syndrome. Moreover, a marked 
improvement was achieved in renal function and blood osmolarity, most 
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probably due to increased venous return and reduction of hemoconcentration, 
and striking relief from dyspnea and abdominal discomfort was reported by 
the patients [45]. 

Aboulghar and colleagues [46] reported on 42 cases of severe OHSS treated 
by transvaginal ultrasound-guided aspiration of ascites and intravenous fluid 
infusion. This treatment significantly relieved symptoms, improved hematocrit, 
renal clearance and urine output, and shortened the duration of hospital stay. 

Some authors [47, 48] have reinfused the withdrawn ascitic fluid (after 
microfiltration) and reported the relief of symptoms and improvement in renal 
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function. Animal studies have demonstrated that in the presence of OHSS 
ascites formation is not effectively suppressed by indomethacin [28]. The poor 
clinical and experimental efficacy, as well as the theoretical hazard of in- 
domethacin medication in early pregnancy [49, 50] casts doubt on the use of 
this agent in cases of severe OHSS. Based on this retrospective experience we 
propose the guideline in Fig. 4 for treating OHSS. 

Anticoagulant therapy is usually unnecessary if the above steps are em- 
ployed promptly. However, blood coagulation should be monitored because of 
the danger of disseminated intravascular clotting. 

Modern management of infertility is very efficient and successful but cer- 
tainly holds inherent dangers of serious complications, one of them being the 
OHSS. This iatrogenic entity, although self-limited, may be of exceptional se- 
verity and require prompt and extensive therapy. Since OHSS is an ex- 
aggeration of physiological processes taking place during ovarian stimulation, 
it is logical to assume that it must be accepted as part and parcel of ovulation 
induction. Resilient, individually adjusted treatment schemes using gonado- 
tropic preparations tailor-made for specific groups of patients meticulous 
monitoring, suitable preventive measures, and intelligent active therapy will 
certainly reduce the incidence and ameliorate the course of the ovarian hy- 
perstimulation syndrome. 
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Corpus Luteum Physiology 

The new corpus luteum of each cycle is formed from the ovulatory follicle or, 
in the case of assisted reproductive technology, from any follicle from which an 
egg is removed and is composed in part of granulosa cells which luteinize. As 
the corpus luteum forms, there is an infolding of the cell columns, and into 
these interstices come theca cells which themselves become luteinized. The 
latter carry with them an abundant vascular supply, in contrast to the gran- 
ulosa cells which are very poorly vascularized. The two types of luteal cells have 
long been recognized in the human on a morphological basis, and the theca 
lutein cells are usually referred to as para-lutein cells. The differential function 
of these two cells in the human has been poorly addressed, and it is only 
animal studies that have indicated that there is a marked difference between 
the function of these two types of luteal cells. 

The granulosa cell from being the fastest replicating cell in the body be- 
comes fully differentiated and does not mitose after luteinization. Luteinizing 
hormone (LH) receptors have been induced late in the follicular phase, pre- 
sumably by follicle-stimulating hormone (FSH) and estradiol stimulation, and 
differ from the endogenous LH receptors of the theca lutein cells in that the 
receptors of the granulosa lutein cells are fully occupied by the midcycle LH 
surge. The granulosa cell LH receptors do not internalize, i.e., are not re- 
plenished, and they continue to translate progesterone synthesis for only 
10 days. They are responsible for the major progesterone production during 
the first ten days of the luteal phase, but they do not respond to an LH pulse or 
to human chorionic gonadotropin (hCG). 

The luteinized theca cells respond to the luteal LH pulses, and also to hCG. 
Therefore, it is the theca lutein cells which are responsible for the pulsatile 
progesterone release and allows the corpus luteum rescue by trophoblastic 
hCG. They also provide the progesterone secretion during the last 4 days of the 
menstrual cycle. 

The demise of the corpus luteum after 14 days of function has not been fully 
elucidated, although it may be related to a change of the gonadotropin-re- 
leasing hormone (GnRH) pulse at about this time, to a frequency and mag- 
nitude which characterizes the ensuing follicular phase. The central nervous 
system mechanism by which these changes occur remains to be clearly set 
forth. 
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Abnormal Luteal Function and Reproduction 

Abnormal, i.e., decreased luteal function, has serious implications for re- 
production. A luteal phase defect may be defined as a defect in the production 
of progesterone by the corpus luteum. Of course, this operates by inducing an 
abnormal endometrial response, with a cascade of events which results in 
failure of the reproductive process. 

Luteal phase defects can be divided into (a) a corpus luteum with a normal 
14-day span, but low progesterone production as judged by either a total 
measurement of progesterone production in that cycle, or more practically, by 
an examination of an adequately timed endometrial biopsy; (b) a short luteal 
phase usually about 10 days in length; and (c) a short luteal phase associated by 
a poor progesterone production during that 10-day span. 

Luteal phase deficiencies are not common causes of infertility and repeated 
miscarriages, and etiologically they are associated with a variety of problems 
which cause central nervous system or pituitary malfunction. It is beyond the 
scope of this chapter to discuss these types of abnormal luteal function. Suffice 
it to say that in assisted reproductive technology, the controlled ovarian sti- 
mulation usually corrects inadequate progesterone production, but as is seen 
below, can of itself cause a short luteal function, i.e., a luteal function limited to 
only 10 days. The significance of these events in controlled ovarian stimulation 
is discussed. 



Events in the Natural Cycle 

In normal reproduction after ovulation the residual follicle is converted into a 
corpus luteum. If serum progesterone values are examined on a daily basis, the 
maximum progesterone secretion is reached on about the 6th or 7th day of the 
luteal phase, i.e., the 20th or 21st day of the cycle, considering day- 14 as the day 
of ovulation or of aspiration. Several studies of progesterone secretion in the 
normal luteal phase have shown that there is usually a notch at about corpus 
luteum day 10 in progesterone secretion (Fig. 1). This notch may be inter- 
preted as the transition between the corpus luteum function dependent pri- 
marily on the granulosa cells and the progesterone secretion by the thecal 
luteal cells, which as was mentioned above, are chiefly responsible for the 
progesterone output on days 10-14 of the normal menstrual cycle. 

It has been shown that in the normal cycle the ovulated egg is fertilized in 
the ampullary portion of the fallopian tube and reaches the endometrial cavity 
at the morula stage on about day 18 or 19 of the menstrual cycle, when the 
peripheral serum progesterone level is around 15 ng/ml. A study of the en- 
dometrium during these days indicates that basal endometrial vacuole secre- 
tion is very prominent. It is thought that hatching occurs soon after this, and 
that the implantation process begins on about day 20, i.e., when the peripheral 
progesterone concentration is at its maximum. In a normal pregnancy im- 
plantation should be complete, i.e., the endometrium completely healed over 
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the implantation site by day 24 or 25, that is, at about the time of transition of 
the progesterone secretion from the granulosa cells to the theca lutein cells. 

It is worth noting that, in natural cycle in vitro fertilization (IVF), which has 
proven to be inefficient, the transfer procedure usually takes place 48 h (cycle 
day 16) or 72 h (cycle day 17) after oocyte retrieval. Thus, there is a double 
asynchrony in that the preembryo is placed in the uterus 24-48 h before it 
would normally arrive there at a preembryonic developmental stage con- 
siderably earlier than would be if it arrived at its physiological time on day 18 
or 19 of the cycle. It has been pointed out above that when the morula arrives 
physiologically, the endometrium has considerable secretory activity as ex- 
pressed by basal vacuoles. On the other hand, in the artificial transfer situation 
the endometrium on day 16 or 17, when the four- to eight-cell conceptus 
arrives, is still in a proliferative stage. Whether these asynchronies are related 
to the inefficiency of the natural cycle for IVF is highly speculative, but it is 
entirely possible that these asynchronies are related to the poor results in 
natural cycle in vitro fertilization. 



Alteration in Luteal Function by Controlled Ovarian Stimulation for IVF 
The Controlled Stimulation Cycle 

The use of controlled ovarian stimulation by the administration of exogenous 
gonadotropins was early noted to cause severe disruption in the events of the 
normal menstrual cycle. Numerous studies indicated that the midcycle spon- 
taneous LH surge necessary for the initiation of ovulation and corpus luteum 
function is in fact inhibited in stimulated cycles. Ferraretti et al. [1] observed 
that estradiol levels in the stimulated cycles are often well above the trigger 
point for an LH surge release, but that no surge occurs. Furthermore, these 
investigators noted that there is a spectrum of estradiol response to a standard 
dose of exogenous gonadotropin stimulation so that patients can be divided 
into low responders, intermediate responders, and high responders. Inter- 
mediate and high responders have sustained estradiol values well above the 
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Fig. 2. Estradiol (E 2 ) values among 16 cycles in normal menstruating women, each 
receiving a standard dose of hMG. Note that there is a considerable variation in the 
estradiol response to this standard stimulation, so that the patients may be divided into 
low responders, intermediate responders, and high responders. Note likewise that there 
is no LH response among these patients until after the hCG is given. The assay used in 
this study cannot distinguish between LH and hCG. Note also that the estradiol values 
for the intermediate and high responders are well above the trigger point for an LH 
release in the normal cycle. It can be concluded that exogenous hMG in the normal 
menstruating woman inhibits the spontaneous LH surge 



trigger point, but no LH surge occurs (Fig. 2). Furthermore, it was also noted 
early on that in stimulated cycles the corpus luteum function cuts off at about 
the 10th day (Fig. 3). Early investigators attributed their failure with stimulated 
cycles to the short luteal phase, which is associated with the controlled sti- 
mulation. It was only some years later that an understanding of these abnormal 
events was possible. It has been shown that the follicular content of GnRH 
surge-inhibiting factor is greatly increased in the follicular fluid in stimulated 
cycles. This increased concentration of surge-inhibiting factor prevents the 
normal surge mechanism. Furthermore, this increased surge-inhibiting factor 
probably also inhibits the normal pulsation of the hypothalamus responsible 
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Fig. 3. Progesterone values in five patients who were stimulated with hMG. Note the very 
high progesterone values and note also that they cut off at about day 10. The reason for 
this is discussed in the text 



for the pulsatile release of LH from the theca cells of corpus luteum prolongs 
the luteal function from 10-14 days. 

At one time it was thought that the GnRH surge-inhibiting factor might be a 
form of inhibin, but further studies have shown that this is a distinct protein 
hormone [2]. 

As noted above, in the event that pregnancy occurs, the corpus luteum is 
rescued (Fig. 4). This rescue is possible because the theca lutein cells respond 
to hCG by progesterone production, and the suppression of the LH pulse 
becomes irrelevant. Thus, the rescue of the corpus luteum is entirely due to the 
response of the theca lutein cells. The corpus luteum of pregnancy is composed 
essentially of theca lutein cells, the granulosa cells becoming degenerate and 
disappearing after about 10 days of the luteal phase. 

The question arises as to the effect of the above endocrinological changes on 
the endometrium, and the relationship of the endometrial changes to the 
transfer and to the implantation window. In a study of endometrial biopsies at 
the time of transfer in cycles stimulated by hMG and/or hMG and FSH, it was 
shown on day- 16 of the idealized cycle, when most transfers were occurring. 
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Fig. 4. The rescue of the corpus luteum by the pregnant patient. Note that in this patient 
who was stimulated by hMG without previous GnRH agonist exposure had a rapidly 
falling progesterone value which probably would have resulted in an early menstrual 
period, were it not for the fact that the endogenous hCG caused a rise in the proges- 
terone value, noticeable as early as day 12. The elevated hCG values prior to day 8 are the 
result of the ovulatory dose of hCG to substitute for the LH surge which does not occur 
in stimulated patients 



that the endometrium was advanced, i.e., showed patterns of day 17 or day 18 
in many cases. This endometrial pattern therefore corresponded to the en- 
dometrial pattern that would normally be seen 24-48 h later in the un- 
stimulated cycle [3]. It therefore seemed possible that the gonadotrophic- 
stimulated ovary with its excessive production of progesterone was a favorable 
development in providing receptive endometrium at the time of transfer. The 
status of the endometrium at some 48-72 h after this, i.e., at days 18-19 of the 
stimulated cycle, has not been adequately studied, and it is therefore com- 
pletely unknown whether implantation in the stimulated cycle begins at the 
normal cycle time of day 20 or 21, or whether it begins earlier, i.e., day 18 or 19. 
If implantation is required for the appearance of hCG in the peripheral cir- 
culation, the evidence suggests that implantation in the stimulated cycles is not 
too different in terms of cycle day as compared with the normal cycle. This 
point is in need of further study; however, the current evidence seems to 
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suggest that there is a longer interval between the transfer point and the be- 
ginning of implantation in the stimulated situation. 



The Use of GnRH agonist Followed by Exogenous Gonadotropin 
for Controlled Ovarian Stimulation 

In the late 1980s the use of gonadotropin agonist became available and had 
become widely used as a method of downregulating the pituitary prior to the 
use of exogenous gonadotropins. This sequential use of drugs enables higher 
amounts of gonadotropins to be used and prevents the inadvertent sponta- 
neous LH surges which sometimes occur, thereby interfering with the intended 
sequence of events. 

The progesterone output and the estradiol output from the corpus luteum 
under this circumstance is substantially greater than the output when GnRH 
agonists are not used (Fig. 5). 

Endometrial studies at the time of transfer and at the presumed time of 
implantation in patients so treated, but who were not transferred, indicate that 
at 48-72 h after aspiration the endometrium is likely to be at day 17 ± 1 for 
biopsies taken on day 16 and at day 18 ± 1 for biopsies taken on day 17. Thus, 
the endometrium is “advanced” under this circumstance, just as it was in the 
use of exogenous gonadotropins without GnRH agonists. On the other hand, 
studies of the endometrium at the expected implantation time indicate that 
there may be some disparity between glands and the stroma, but pinopodes 
which were found to occur in the stimulated cycle at about day 20 or 21 of the 
menstrual cycle, with the day of ovulation at 14, are therefore unchanged in 
time from that of the normal unstimulated cycle (unpublished data). 
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Fig. 5. Estradiol and progesterone values in a patient who were exposed to a GnRH 
agonist from the midluteal phase of the previous cycle. Note that the estradiol values and 
the progesterone values are substantiaUy higher than in the luteal phase, and indeed, 
they may be substantially higher than in those patients stimulated without exposure to a 
GnRH agonist. Note that the scales in Figs. 1 and 5 are considerably different 
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The Treatment of the Luteal Phase in IVF Cycles 

The treatment of the luteal phase in IVF cycles with progesterone is highly 
problematic. It may not be necessary at all. Clearly, in stimulated cycles the 
amount of progesterone secreted by the corpus luteum is far in excess of the 
amount secreted in an unstimulated normal cycle. Thus, treatment cannot be 
justified on the basis of treatment for a luteal phase defect, i.e., inadequate 
progesterone production. Furthermore, treatment based on the hMG-induced 
cutoff at 10 days is not reasonable, as it has been amply demonstrated that if 
pregnancy occurs, the corpus luteum is rescued prior to its demise by the 
endogenous hCG generated by the developing conceptus. However, it is pos- 
sible that exogenous progesterone can be useful. There are really no adequate 
controlled prospective studies that have been designed to elucidate the truth in 
this circumstance. There are theoretical reasons to believe that exogenous 
progesterone, even in the face of large amounts of endogenous progesterone, 
might be useful. The rationale for this revolves around the fact that, given the 
excessive amount of estrogen in the luteal phase, the endometrium does not 
seem to be converted in an adequate way to the secretory phase [4]. Pre- 
sumably, this may be associated with the fact that large amounts of estrogen 
downregulate the progesterone receptors, and therefore that the endometrium 
does not “see” the progesterone. This situation could be overcome by larger 
amounts of progesterone to protect the progesterone receptors from the 
downregulation of the excessive estrogen. It would be on this theoretical basis 
that exogenous progesterone might prove to be helpful, and in many clinical 
situations it is empirically given on these grounds. If this is done, 50 mg a day 
by vaginal suppository or, at the most, 100 mg a day, or a corresponding 
amount by whatever route of administration is probably appropriate. It has 
been suggested that the continuation of progesterone after pregnancy is well 
established and can be justified by its use as a pharmacological agent to pre- 
vent miscarriage in these premium pregnancies. The use of long-acting pro- 
gesterone in this circumstance is convenient. 
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Introduction 

Artificial intrauterine insemination using prepared husband’s spermatozoa 
(HI; formerly AIH) is a common procedure for the management of involuntary 
childlessness, even though in the literature there is no consensus on the ef- 
fectiveness of such an approach. Especially in cases of male subfertility and 
persistent idiopathic fertility disorders, divergent views exist with regard to the 
therapeutic benefit of homologous insemination. Nevertheless, intrauterine 
insemination (lUI), both in spontaneous and, preferably, in ovulation induc- 
tion cycles, is recommended as the first-choice option of assisted conception 
techniques, since - unlike gamete intrafallopian transfer (GIFT) or in vitro 
fertilization with embryo transfer (IVF/ET) - the procedure is noninvasive and 
also much more cost effective. 

Even though the cumulative pregnancy rates in normocyclic women un- 
dergoing artificial insemination with donor sperm (DI; formerly AID) due to 
their partners’ infertility (e.g., azoospermia) are proof of the efficacy of arti- 
ficial insemination as such, the results of HI vary considerably. A survey of the 
literature published over the last ten years shows a wide variation in the 
probability of conception per cycle after lUI in ovarian- stimulated cycles. This 
applies even to studies which break down the pregnancies achieved by cause of 
subfertility (male factor, cervical factor, idiopathic factor) where rates are 
between 0% and 40% (Tables 2-4). In randomized, controlled studies, how- 
ever, which critically compare artificial insemination after ovarian stimulation 
with natural sexual intercourse in spontaneous cycles corresponding preg- 
nancy rates following lUl still fluctuate between 3% and 15% (Table 5). Nu- 
merous factors may be considered as possible explanations for these variations. 
They include differences in the definition of diagnostic groups, the number of 
patients and treatment cycles as well as methodological variables within the 
studies themselves such as the use of different protocols for ovarian stimula- 
tion or different methods of semen processing. Moreover, many studies do not 
provide any information about previous pregnancies or treatment efforts, the 
duration of subfertility, tubal patency, the number of follicles or of motile 
spermatozoa inseminated. Unfortunately, there are only few randomized HI 
studies that make a controlled comparison either of different therapeutic 
methods or between therapy groups and control groups. But it is such studies 
that are important since with subfertile couples - in contrast to cases of 
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Sterility - there is still the possibility of pregnancy without therapy (Aa^es et al. 
1978; Glass and Ericsson 1979; Nachtigall et al. 1979; Haney et al. 1987). The 
choice of the most appropriate form of treatment is seldom as straightforward 
as in cases where both fallopian tubes have been removed or are irreparably 
damaged. Here the only option available is IVF. For subfertility, however, there 
are several possible courses of therapy. Working on the hypothesis that suc- 
cessful birth (take home baby) rates are the same in both cases, one could 
claim that lUI is doubtless superior to its invasive alternatives (IVF/ET, GIFT). 
In fact, there has been increasing evidence lately that under otherwise identical 
conditions (e.g., stimulation with gonadotropins, a comparable number of 
follicles, oocytes or embryos, precise timing of ovulation, adequate support of 
the luteal phase, comparable sperm quality, cancellation rate of cycles initiated 
as well as equivalent medical experience) the relative success rates of at least 
two to three lUI cycles is unlikely to differ significantly from that of one cycle 
of the invasive methods (Kaplan et al. 1989; Crosignani et al. 1991; Mills et al. 
1992; Abyholm et al. 1992; Peterson et al. 1994; Crosignani and Walters 1994; 
Dodson 1995). 

Expectations of therapeutic success should always be related to the monthly 
probability of natural conception of fertile couples seeking pregnancy. Figure 1 
shows the distribution of fecundability (defined as the monthly probability of 
conception) of young and fertile couples which, according to epidemiological 
data, ranges between 0% and 65%. At the first attempt at becoming pregnant 
peak normal probability of conception is about 30%, while the average rate is 
only 20% to 25%. This rate drops to 12% after 12 months, 8% after 24 months 
and 5% after 48 months. The statistical risk of nonconception (in terms of 
mean fecundability in the population) has been calculated at 10%-14% after 12 
months, about 3% after 24 months, and only 1% after 48 months. The fe- 
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Fig. 1. Plausible distribution of fecundability in young couples. (From Spira 1986) 
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cundability of subfertile couples, however, is four to five times lower than that 
of fertile couples, i.e., approximately 5%, and it may be assumed that in about 
22% of the cases pregnancy will not have occurred after 3 years (Spira 1986). 
Since there are major interindividual variations in fecundability and time-to- 
conception, cycle-specific and, whenever possible, time-specific cumulative 
pregnancy rates are to be preferred to data collected on a per patient basis 
(HuU 1992). 

Intrauterine Insemination 

Artificial insemination (intravaginal, peri- and intracervical or intrauterine) 
using husband or donor sperm was performed long before the era of human 
conception in vitro. Indications for treatment included abnormal semen 
parameters, abnormal or hostile cervical mucus, immunological or un- 
explained infertility, and - more rarely - cases of anatomical malformations 
(e.g., severe hypospadias), neurological disorders (e.g., retrograde ejaculation), 
psychological and psychogenic dysfunctions (e.g., vaginismus) as well as eu- 
genic reasons due to the presence of genetic risks (e.g., rhesus incompatibility, 
haemophilia, Cooley’s anemia, cystic fibrosis, Tay-Sachs disease, spinal mus- 
cular atrophy, Huntington’s chorea, schizophrenia, and manic-depressive 
psychosis). 

In a literature survey Allen et al. (1985) reviewed the findings of 18 lUI 
studies performed since 1957. The authors report a total of 714 couples treated 
with an overall pregnancy rate per patient of 28% (0%-62%). A breakdown of 
the highly heterogeneous studies by diagnostic categories shows a patient- 
related conception rate of 25% (26/104) after treatment for male fertility dis- 
orders and 23% (9/40) in the case of immunological causes, while the highest 
success rate of 60% (35/58) was achieved for cervical factor cases. 

The introduction of untreated semen into the uterine cavity, bypassing the 
cervical barrier, often brought on adverse effects such as severe cramps caused 
by prostaglandins in seminal plasma and - less frequently - bacterial in- 
flammation of the internal genital tract (Hanson and Rock 1951; Barwin 1974; 
Stone et al. 1986). As a result, the technique of intracavitary insemination was 
practically abandoned. It was only after appropriate methods of semen washing 
and processing had been developed and were commonly applied that the in- 
cidence of complications could be reduced. In addition, laboratory techniques 
for isolating high-quality spermatozoa resulted in significantly improved fer- 
tilization and pregnancy rates. Some of the most widely used techniques were 
the rise or swim-up method (Lopata et al. 1976; Russell and Rogers 1978; 
Harris et al. 1981; Makler et al. 1984; Kerin et al. 1984; Sher et al. 1984), glass 
wool filtration (Paulson and Polakoski 1978; Jeyendran et al. 1986), the se- 
paration of motile sperm using albumin columns (Ericsson et al. 1973; Glass 
and Ericsson 1978; Dmowski et al. 1979) and Percoll density gradient cen- 
trifugation (Pertoft et al. 1977; Gorus and Pipeleers 1981; Lessley and Garner 
1983; Berger et al. 1984; Ord et al. 1990). These semen processing and sperm 
isolation methods in combination with improved ovarian stimulation proto- 
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Fig. 2. Passage of spermatozoa through the female genital tract after coitus. Drop in the 
number of sperm cells between vagina and fallopian tubes. (From Diedrich et al. 1985) 



cols - developed primarily to meet IVF requirements - eventually revived the 
interest in lUI (Marrs et al. 1983; Sher et al. 1984; Kerin et al. 1984; Cruz et al. 
1986). 

The classic studies by Croxatto et al. (1973) and Ahlgren (1969) report that 
after coitus several thousand spermatozoa can be recovered in the entire fal- 
lopian tube and only a few hundred in its ampulla. Mortimer and Templeton 
(1982) established that a much higher number of spermatozoa is found in the 
peritoneal cavity after intracervical insemination (ICI) than after coitus. These 
authors also confirmed studies by Ahlgren et al. (1974) and Settlage et al. 
(1973) which pointed out that the number of motile sperm inseminated de- 
creases over the length of the female genital tract by 5-6 orders of magnitude. 
Finally, Weathersbee et al. (1984) showed that in lUI spermatozoa can be 
laparascopically detected in the pouch of Douglas in a high percentage of 
women just two hours after insemination. In a randomized study Ripps et al. 
(1994) performed intrauterine or intracervical insemination with a standar- 
dized number of 50 x 10^ spermatozoa and after four hours examined the 
peritoneal fluid and cervical mucus. While after lUI with washed sperm they 
found between 2 x 10^ and 30 x 10^ spermatozoa, they could not detect any 
sperm intraperitonealy after ICI using correspondingly small volumes of eja- 
culate. Interestingly enough, cervical mucus contained many more spermato- 
zoa after lUI than after ICI. The authors concluded that due to rapid transport 
a greater number of sperm were available at the site of fertilization after lUI 
than after ICI and that probably after lUI a retrograde colonization of cervical 
mucus occurred which might also ensure a sustained release of sperm cells. 

The rationale for carrying out direct intracavitary insemination is that by 
circumventing the cervix the filtration effect of cervical mucus can be elimi- 
nated so that the concentration of vital spermatozoa in the ampullary section of 
the fallopian tubes is increased. As a result of lUI the distance to be traveled by 
the spermatozoa to the site of fertilization is shortened which is often con- 
sidered to be an additional advantage as it increases the probability of gamete 
interaction. As yet, there are only few data on the optimal number of motile 
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sperm cells in the insemination specimen or on how this number correlates 
with the number of pregnancies achieved, just as most lUI studies generally fail 
to provide data on the total number of spermatozoa inseminated. It can be 
concluded from the studies of Byrd et al. (1987), Horvath et al. (1989), Byrd et 
al. (1990), and Dodson and Haney (1991) that it is highly improbable that 
pregnancy can be achieved after insemination of less than a million sperma- 
tozoa. Using a logarithmically transformed distribution of postpreparatory 
sperm cell numbers, Horvath et al. found a near-linear correlation of preg- 
nancies per cycle in the range from 1 x 10^ to 10 x 10^ inseminated motile 
sperm after swim-up semen processing. Fecundity leveled off with insemina- 
tions of more than 10 x 10^ sperm cells. However, in their studies using a 
double- wash technique Dodson and Haney (1991) could not establish any 
dependency of the pregnancy rate on the number of sperm inseminated. These 
authors account for the divergence of their results from those of Horvath et al. 
(1989) by arguing that the fertilization potential of spermatozoa could be in- 
fluenced by the different methods used for semen preparation. 

Preparation of the Semen Specimen 

There is no doubt that the semen processing technique used and the care 
employed are crucial to the success of insemination. One objective of semen 
processing is to produce a high concentration of progressively motile and 
morphologically normal spermatozoa by removing sperm of lesser quality as 
well as leukocytes and cell detritus. The other objective is to eliminate seminal 
plasma which contains prostaglandins, lymphokines and cytokines as well as 
possible antigenic or infectious matter and to reduce the number of free 
oxygen radicals (Aitken and Clarkson 1987). 

Semen is obtained by masturbation into a wide-mouthed sterile container 
(glass or plastic) after 3-5 days of sexual abstinence (Mankveld and Kruger 
1990). After liquefaction at room temperature the semen should be processed 
and inseminated immediately or within an hour of collection, at the latest. In 
cases of impaired liquefaction, increased viscosity and inferior semen quality it 
may be useful to obtain split ejaculates (Perez-Pelaez and Cohen 1965). This 
means that the first three ejaculatory emissions are collected separately. In over 
90% of all patients the concentration of spermatozoa is much higher in the first 
split fraction (up to 90% of all spermatozoa) than in the ejaculate as a whole. 
This high concentration is usually combined with a markedly better motility 
(Farris and Murphy 1960; Elliasson and Lindholmer 1972). In addition, eja- 
culate viscosity is lower in the first split fraction as is prostaglandin con- 
centration (Amelar and Hotchkiss 1965; Kremer 1975). However, in up to 10% 
of the cases, the semen quality is superior in the second fraction. For this 
reason both the first and the second split fraction should be examined by 
means of simple microscopy to ascertain higher concentration and motility 
levels (Krebs 1989). 

There is a number of semen processing techniques commonly used for lUI 
which may produce a significantly higher percentage of progressively motile 
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sperm. The most widespread methods and their underlying principles are 
described below. 



Sperm-Wash Procedure 

This very simple method uses centrifugation to separate the cellular compo- 
nents of the semen specimen from the seminal plasma (Kaskarelis and Com- 
ninos 1959; Marrs et al. 1983; Wiltbank et al. 1985). To this end the liquefied 
sample is first diluted with a culture medium (e.g., Ham’s FIO, HEPES buffered 
medium) or with buffered physiological saline in the ratio of between 1:1 and 
1:3. The suspension is then centrifuged for 10 min at 150-200 x g or for 
3-5 min at 500 X g. The supernatant is discarded, and the resultant pellet is 
rediluted in a smaller volume of fresh medium. This wash procedure is re- 
peated one to two times. The final pellet is resuspended in 0.3-0. 5 ml medium. 
The spermatozoa are thus concentrated in a very small suspension volume. 
However, this method fails to separate motile and normally shaped sperm from 
immotile and morphologically poor spermatozoa and to eliminate other cells 
and cellular debris (white cells, agglutinated sperm, immature forms and 
particulate matter) commonly seen in the ejaculate. This procedure may be 
considered in cases where sperm density is very low. Centrifugation and 
washing are also suitable for treating urine containing spermatozoa in cases of 
retrograde ejaculation (Barwin 1974). 



Swim-Up Technique 

The principle underlying the swim-up technique is that motile spermatozoa 
separate from the pellet and swim up into the supernatant culture medium. 
After washing and concentrating sperm, as described above, 0.3-0.5 ml of 
prepared medium is carefully layered over the final pellet and the sample is 
incubated for 30-60 min at 37°C in 5% CO 2 . It is recommended that the tube 
be held at an angle of 30° so that a larger interface is created. A slight turbidity 
of the supernatant is macroscopic evidence that the sperm are migrating into 
the diluent. The supernatant (swim-up specimen) is then collected with care, 
not disturbing the pellet at the bottom. The swim-up technique provides an 
excellent isolation of almost exclusively motile spermatozoa containing a high 
percentage of morphologically normal sperm cells (Cruz et al. 1986; Hughes et 
al. 1987). The rate of sperm loss, however, tends to be very high and may 
exceed 90%, depending on the sample’s viscosity, motility and the volume used 
for processing (Kerin et al. 1984; Arny and Quagliarello 1987). 



Glass Wool Filtration 

A glass wool filter trapping a high percentage of immotile and membrane- 
defective sperm in its fabric is used to isolate high-quality spermatozoa. We 
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use a tuberculin syringe at the bottom of which we place 15-20 mg glass wool 
(microfiber code 112; Manville, Denver, CoL). The filter fabric should not be 
too close-meshed nor rise more than 3-4 mm from the bottom of the syringe 
(0.06-ml mark). Just before use the filter is rinsed twice with 2 ml medium to 
remove any loose glass fiber particles. After the semen is washed the suspen- 
sion is drawn into the syringe and should be allowed to pass the filter solely by 
gravity. Finally, the filter is rinsed with 0.2-0.3 ml medium to ensure that as 
little sperm suspension as possible is left behind (Jeyendran et al. 1986; van der 
Ven et al. 1988). Compared with the original semen sample the filtrate has a 
much higher percentage of motile spermatozoa (60%-80%) combined with a 
morphologically superior selection. The sperm loss rate is lower (60%) than 
that associated with the swim-up technique, but other cellular and acellular 
matter is not completely eliminated. We prefer to use glass wool filtration in 
cases of impaired semen liquefication (Tiinnerhoff et al. 1986) and for samples 
with predominant oligozoospermia and asthenozoospermia since it yields a 
high sperm recovery rate. This rate can be increased significantly by using 
several filter columns operating in parallel (Prietl et al., unpublished). 



Percoll Density Gradient Separation 

With the Percoll (PVP-coated colloidal silica particles) density gradient se- 
paration method motile spermatozoa are isolated by layering liquefied neat 
semen over an isotonic Percoll solution (e.g., 90% or 70%) and centrifuging it 
for 10-20 min at about 200-600 x g (continuous gradient). With the more 
sophisticated discontinuous-step density gradient method the column consists 
of several layers with different Percoll concentrations (e.g., 90%, 70% and 
50%). The supernatant is discarded, and after one to two wash runs the pellet is 
resuspended for insemination in 0.3-0.4 ml medium. The sperm recovery rate 
can be as high as 40%-60% which is substantially higher than the rate asso- 
ciated with the swim-up technique. Like glass wool filtration, the Percoll 
technique is particularly suitable for poor semen samples with asthenozoos- 
permia. The mini-Percoll gradient separation method (Ord et al. 1990) which 
can be used for lUl with equal success (Smith et al. 1995; Ombelet et al. 1995) 
works with smaller volumes. 

The mechanisms underlying the selection of progressively motile sperma- 
tozoa by glass wool filtration and Percoll separation are not completely un- 
derstood. It may assumed that in the case of glass wool filtration 
morphologically abnormal sperm adhere to the filter and immotile sperm cells 
do not readily pass through the glass wool. It has been suggested that with the 
Percoll method progressively motile sperm, yielding to the centrifugal force, 
tend to migrate to the bottom of the centrifuge tube (Rhemrev et al. 1989). 

Other semen processing methods use Sephadex gel-filtration columns 
(Steeno et al. 1975) and Ficoll density gradient centrifugation (Harrisson 1976). 
Albumin columns are not likely to play a role any more. 

There are numerous variants of each of the semen processing methods 
described and the question arises as to which technique is best suited for lUI. 
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Many publications have addressed this issue. Since their conclusions are quite 
divergent, it is not possible to give a single answer. This is why the sperm 
recovery rates cited above for the various methods should be regarded as 
reference values which may vary considerably depending on semen quality. 
For this reason every laboratory should be able to perform several techniques 
(e.g., swim-up method, glass wool filtration, Percoll separation) to select - 
based on their own experience - the most appropriate method for a specific 
semen sample. We would use the swim-up technique primarily for 
normozoospermia as a simple and quick way of producing a purified in- 
seminate containing a high percentage of progressively motile spermatozoa. 
Given a normal ejaculate volume the sperm loss rate to be expected would be 
acceptable. For the various manifestations of sperm disorders (oligozoos- 
permia, asthenozoospermia, teratozoospermia) filtration and density gradient 
separation methods tend to be superior to the swim-up technique. However, as 
this is not true of every ejaculate and since every separation process may cause 
damage (e.g., to the acrosome or to the spermatozoal membranes) it is re- 
commended to prescreen with the method of choice and monitor long-term 
motility. Of the routine parameters of semen analysis (volume, concentration, 
motility and morphology) concentration is probably most closely associated 
with therapeutic success (Horvath et al. 1989; Nan et al. 1994). By the same 
token, processing techniques producing too low a sperm count in the in- 
seminate are associated with low pregnancy rates (Allen et al. 1985). Horvath et 
al. (1989) and Ho et al. (1992) suggest that among the routine parameters the 
total number of motile spermatozoa inseminated is the crucial criterion for 
conception. This was confirmed by Brasch et al. (1994) in a retrospective study 
involving 546 patients and more than 1200 lUl cycles. There is no doubt, 
however, that forward progression is highly important as well, and that in- 
seminates with a motility greater than 80% are highly successful (Arny and 
Quagliarello 1987; Horvath et al. 1989). Consequently, the combination of both 
parameters in the inseminate should allow the best prognosis to be made for 
success. This is also the conclusion arrived at in a large retrospective analysis 
of more than 1100 D1 cycles (Marshburn et al. 1992). With regard to mor- 
phology conflicting views are found in the literature and there is a lack of 
studies comparing differential morphology after processing with therapeutic 
success. Toner et al. (1994) examined the parameters of the original semen 
specimens of 126 patients (40 of whom were donors) and found that there was 
a positive correlation between normal morphology assessed on the basis of 
stricter criteria and pregnancy rates if the semen samples contained more than 
14% of normally shaped spermatozoa. This threshold value corresponds with 
the studies performed by Kruger et al. (1988) on sperm morphology based on 
strict criteria and in vitro fertilization rates of human oocytes. Matorras et al. 
(1995) who applied Kruger’s criteria of differential morphology arrive at the 
conclusion that the determination of strictly normal morphology in the ori- 
ginal semen sample does not represent a prognostic factor in male subfertility. 
This is no contradiction since the mean value of normal morphology in severe 
male factor disorder should be much lower than the predictive threshold value 
of 14% cited above. 
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In summary it should be emphasized that special care should be given to 
semen processing to optimize the recovery rate of progressively motile sperm in 
the inseminate. Successful lUI treatment, especially in the case of male sub- 
fertility, invariably requires high-quality semen processing in the laboratory. 



Intrauterine Transfer of Sperm 

Intrauterine insemination is usually performed with a volume of 0.3-0.5 ml to 
prevent sperm suspension reflux. Catheters of various sizes and diameters are 
commercially available for this purpose. It is important that the catheter ma- 
terial must not have a toxic effect on the gametes; it should give the catheter a 
certain stiffness, but at the same time provide some flexibility at its distal end 
to ensure that the uterine flexion can be negotiated easily and without any 
trauma to the mucosa. The catheter tip should be rounded with side holes to 
prevent any injury to the site of embryo nidation. Immediately prior to in- 
semination the vagina is cleaned and the inseminate is drawn into the catheter , 
free from air bubbles. If catheter passage through the cervical canal proves 
difficult the cervix may be grasped with a tenaculum to straighten the uter- 
ocervical angle by gentle traction. Once the internal os has been passed, the 
catheter tip is advanced close to the fundus of the uterus and the inseminate is 
transferred. It is recommended to leave the catheter in place for a short time 
and then withdraw it slowly to avoid a suction effect and prevent reflux. After 
the procedure the patient should rest for 15-20 min. 



Fallopian Tube Sperm Perfusion 

Fallopian tube sperm perfusion (FSP) may be regarded as a special method of 
lUI (Kahn et al. 1992a, 1993). The essential difference between this procedure 
and conventional intracavitary insemination is that the inseminate volume is 
4 ml. This large volume is chosen to ensure that part of the sperm suspension 
perfuses the tubes so that a greater number of spermatozoa is flushed passively 
into the oviducts. The catheter does not cause any tubal trauma in the process 
as the inseminate is transferred into the uterus. It is recommended to in- 
seminate slowly at a rate of 1 ml/min to avoid adverse effects such as uterine 
and tubal contractions or vasovagal reactions. Having gathered experience with 
this method over several years we use it routinely along with conventional lUI. 
As we inseminate slowly, we have not observed any patient discomfort caused 
by the larger inseminate volume nor have we seen any pelvic infection. We did, 
however, find frequent reflux from the external os if the time recommended for 
insemination was not complied with. As described by Kahn et al. the in- 
seminate is prepared by adding culture medium to the sperm suspension after 
processing to achieve a total volume of 4 ml. With FSP it is particularly im- 
portant that insemination is performed before ovulation since otherwise the 
oocyte would be flushed out of the fallopian tube. This is why we do an 
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Table 1. Studies comparing 


lUI and FSP 












Indications 


Study design 


Cycles 


Cycle fecundity 
lUI FSP 


Kahn et al. (1993) 


Unexplained 


PR 


103 


0.10 


0.27" 


Gregoriou et al. (1995a) 


Unexplained 


PR 


150 


0.16 


0.15 


Karande et al. (1995) 


Unselected 


PR 


240 


0.11 


0.11 


Fanchin et al. (1995) 


Unselected 


PR 


100 


0.20 


0.40" 


Prietl et al. (1996) 


Male 


Re 


1081 


0.08 


0.10 



PR, Prospective, truly randomized; Re, retrospective; statistically significant. 



ultrasound check immediately prior to perfusion to ensure that ovulation has 
not yet occurred. 

The pregnancy rates obtained after FSP in various studies are shown in 
Table 1. In a prospective randomized study Kahn et al. (1993) achieved an 
excellent pregnancy rate of 27% per cycle after FSP in patients with un- 
explained fertility disorders. This represents a statistically significant im- 
provement of the rates after lUI (10%). In their study involving patients with 
the same condition Gregoriou et al. (1995a) did not find any differences be- 
tween the two insemination methods (15%). In a prospective randomized 
study among an unselected patient group Karande et al. (1995) did not find any 
evidence in favor of sperm perfusion either. Fanchin et al. (1995) used a special 
catheter for perfusion to prevent frequent reflux from the uterine cavity, and 
achieved conception after FSP in 40% of the cycles of a very heterogeneous 
patient group. We analyzed our results retrospectively and exclusively for male 
subfertility and did not find any statistically significant difference in average 
cycle fecundity rates between the two procedures. After FSP, however, we could 
establish a clear correlation between the number of motile sperm inseminated 
and the number of pregnancies per cycle, with the latter rising continuously 
after perfusion of more than 5 x 10^ spermatozoa. In patients perfused with 
more than 10 x 10^ spermatozoa the pregnancy rate per cycle initiated was 
25%. After conventional lUI using more than 10 x 10^ sperm cells, however, 
the conception rate per treatment cycle was much lower (13%). Clomiphene 
citrate (CC), gonadotropins and a combination of clomiphene and gonado- 
tropins were used for ovarian stimulation. The pregnancy rates we achieved 
after perfusion of more than 10x10^ spermatozoa seem to be comparable with 
the results obtained by Kahn et al. (1992b) after FSP using cryopreserved/ 
thawed donor sperm whose fertilization potential is known to be lower than 
that of fresh spermatozoa (Richter et al. 1984; The American Fertility Society 
1990). We are currently conducting a prospective, randomized, controlled 
study of the efficacy of sperm perfusion in male subfertility. 



Timing and Number of Inseminations 

Within a very short period of time the majority of sperm inseminated into the 
uterus reach the fallopian tubes and continue to migrate into the peritoneal 
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cavity. While in the case of natural intercourse the cervical mucus and cervical 
crypts act as a reservoir at midcycle ensuring a constant supply of sperm cells, 
any delay in the release of spermatozoa after lUI is probably of no major 
importance as fewer sperm are stored in the cervix (Glezerman 1984). This is 
why in the case of insemination methods where the cervical canal is bridged by 
a catheter it is important to determine the exact time of ovulation. Classic 
parameters used to this end include basal body temperature (BBT) records 
(Moghissi 1976), assessing the quantity, spinnbarkeit and ferning of the cer- 
vical mucus (Insler et al. 1972) and vaginal cytology. Mastroianni et al. (1957) 
established that if the time of ovulation is determined on the basis of BBT 
records only 65% of inseminations are performed during the periovulatory 
period. Multiple periovulatory inseminations, however, resulted in overall 
conception rates per patient of up to 60% (Barwin 1974; Glezerman et al. 1984). 
Continuous monitoring of the serum concentrations of estradiol (E 2 ) and lu- 
teinizing hormone (LH) is much more accurate than BBT measurements for 
estimating impending ovulation. Additional ultrasound control of follicle 
growth is now part of the standard repertoire of reproductive medicine. Pa- 
tients themselves can use a home kit urinary luteinizing hormone assay to 
determine the time of ovulation with sufficient accuracy. We usually check E 2 
and LH concentrations in serum and trigger ovulation by injecting human 
chorionic gonadotropin ( hCG; 5000-10 000 lU) i.m. when the mean dominant 
follicle diameter is 18-20 mm. Insemination is then performed about 38-40 h 
after ovulation has been induced. If there is a spontaneous surge in LH levels 
(>15 IU/1) which we measure in morning serum for practical reasons the pa- 
tient will be inseminated on the morning of the following day. Andersen et al. 
(1995) closely studied the time elapsing between hCG administration and 
follicle rupture after clomiphene stimulation by performing ultrasound checks 
at short intervals. They found that the mean time to ovulation was 38 h (range 
34-46 h). They also established that in 66% of cycles studied the largest follicle 
was the first to rupture. The pregnancy rate per cycle they could achieve after 
lUI was 16%. In an interesting study Brook et al. (1994) compared the preg- 
nancy rates after intracervical insemination in spontaneous cycles that were 
achieved when the time of ovulation was estimated on the basis of either BBT 
records, Insler score or LH concentrations in serum and urine. They did not 
find any differences in conception rates. Insemination was performed using 
frozen/thawed donor sperm on the day of BBT dip, on the day of LH level rise 
in serum or urine and on the day the Insler score exceeded 10. Intracervical 
insemination was repeated after 24 h (double insemination) and the number of 
motile sperm inseminated was the same for each insemination (4-12 x 10^). 
The cumulative pregnancy rates after six cycles where the time of ovulation 
had been determined by using different methods varied between 31% and 37%. 
The study also showed that it was irrelevant whether the follicles were still 
intact at the time of the second insemination or whether ovulation had already 
occurred. The authors conclude from their analyses that there must be a wide 
“window of insemination” in natural cycles depending on sperm survival time 
and in particular on the presence of receptive cervical mucus. Hence in- 
tracervical insemination could be performed with equal success 24 h before 
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and after ovulation. The authors suggest that this would have a considerable 
bearing on treatment cost if simple cervical mucus assessment could be per- 
formed instead of using more technically demanding methods. 

In ovulation induction cycles follicles do not all rupture at the same time, 
but in the course of several hours (Abbasi et al. 1987). Theoretically this also 
provides a wide “window of insemination.” As it may be assumed that a large 
number of spermatozoa leave the genital tract very soon after intracavitary 
insemination multiple periovulatory inseminations performed at intervals 
could increase the probability of fertilization. However, there is no consensus 
in the literature on this matter. Silverberg et al. (1992) were the first to address 
this issue in a prospective, randomized study comparing single insemination 
34 h after hCG administration with double insemination timed 18 and 42 h 
after hCG. The fecundity rate per human menopausal gonadotropin (hMG)- 
stimulated cycle achieved after double insemination was 50%, compared with 
8% after single insemination. These results contradict those of another pro- 
spective, randomized study conducted by Ransom et al. (1994) which did not 
find any higher pregnancy rates after double insemination (14%). It is difficult 
to explain the discrepancy between these two investigations which have a 
similar design. Ombelet et al. (1995), on the other hand, could achieve a sig- 
nificantly higher rate after double insemination in CC/hMG/hCG cycles (30% 
versus 12%). It was interesting, though, that after CC/hCG stimulation only no 
statistical difference could be found between single and multiple insemination. 
It remains a matter of speculation whether stimulation with clomiphene alone 
offsets the benefit possibly provided by multiple insemination; but in view of 
the results of different methods of ovarian stimulation described in the fol- 
lowing section this is perfectly conceivable. 



Natural Cycles Versus Ovarian Stimulation: Indication for Treatment 

Male Factor Subfertility 

Roughly 50% of all subfertile couples are affected by the male factor. In about 
30% of the cases a severe male disorder is the sole cause of infertility, and in 
another 20% causes of subfertility are diagnosed in both partners (Howards 
1995). The large contribution of male subfertility to the overall problem of 
involuntary childlessness and the difficulties involved in treating this disorder 
call for intensive efforts on the part of physicians and patience and under- 
standing on the part of couples undergoing therapy. Although high fertilization 
and pregnancy rates can be achieved even in hopeless cases by taking ad- 
vantage of the recent possibilities offered by micro-insemination into the oo- 
cyte (subzonal or intracytoplasmic insertion of spermatozoa) these highly 
invasive techniques should not be used a priori in all cases of male subfertility. 
Rather, they should be considered the last resort in the algorithm of male 
subfertility treatment. 

The literature survey presented here is intended to provide information on 
the pregnancy rates achievable after lUI (Tables 2-4). Only those prospective 
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Table 2. Literature survey of lUI for male factor subfertility 





Study design 


Patients 


Pregnancies/cycle Fecundity 


Unstimulated cycles 


Hull et al. (1986) 


P 


4 


0/11 


0.00 


Arid et al. (1994) 


PR 


14 


1/26 


0.04 


Thomas et el. (1986) 


PR 


10 


0/30 


0.00 


Hughes et al. (1987) 


PR 


20 


0/32 


0.00 


Kerin et al. (1984) 


PR 


34 


8/39 


0.21 


Tarlatzis et d. (1991) 


Re 


23 


4/48 


0.08 


Byrd et al. (1987) 


Re 


21 


9/58 


0.16 


Glass and Ericsson (1978) 


P 


19 


0/67 


0.00 


Dmowski et al. (1979) 


P 


27 


4/90 


0.04 


Prietl et al. (1996) 


Re 


50 


2/95 


0.02 


Chaffkin et al. (1991) 


Re 


31 


3/105 


0.03 


Confino et al. (1986) 


P 


27 


0/108 


0.00 


te Velde et al. (1989) 


PR 


30 


3/112 


0.03 


Ho et al. (1989) 


PR 


47 


0/114 


0.00 


Harris et al. (1981) 


P 


20 


3/120 


0.03 


Kobayashi et al. (1991) 


Re 


46 


13/222 


0.06 


Friedman (1992) 


Re 


81 


18/276 


0.07 


Kirby et al. (1991) 


PR 


188 


24/397 


0.06 


CC-stimulated cycles 


Arid et al. (1994) 


PR 


14 


1/26 


0.04 


Tarlatzis et al. (1991) 


Re 


24 


2/51 


0.04 


Balasch et al. (1994) 


PR 


30 


3/58 


0.05 


Hewitt et al. (1989) 


P 


36 


3/64 


0.05 


Bolton et al. (1989) 


PR 


29 


5/158 


0.03 


Shalev et al. (1995) 


PR 


37 


2/169 


0.01 


Aribarg and Sukcharoen (1995) 


PR 


50 


8/253 


0.03 


Ombelet et al. (1995) 


Re 


174 


46/464 


0.10 


Prietl et al. (1996) 


Re 


417 


42/753 


0.05 


Gonadotrophin-stimulated cycles 


Sher et al. (1984) 


P 


4 


1/4 


0.25 


Tarlatzis et al. (1991) 


Re 


6 


2/12 


0.17 


Shalev et al. (1995) 


PR 


12 


4/31 


0.13 


Ho et al. (1992) 


PR 


15 


6/42 


0.14 


Balasch et al. (1994) 


PR 


30 


7/56 


0.13 


Irianni et al. (1993) 


Re 


44 


9/78 


0.12 


Dodson and Haney (1991) 


Re 


39 


13/85 


0.15 


Melis et al. (1995) 


PR 


40 


11/103 


0.11 


Nan et al. (1994) 


PR 


33 


11/107 


0.10 


Chaffkin et al. (1991) 


Re 


51 


17/111 


0.15 


Prietl et al. (1996) 


Re 


156 


29/258 


0.11 


Ombelet et d. (1995) 


Re 


164 


78/436 


0.18 



Listed according to the number of treatment cycles performed. P, prospective; R, truly ran- 
domized; Re, retrospective; CC, clomiphene citrate. 
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Table 3. Literature survey of lUI for unexplained (idiopathic) subfertility 





Study design 


Patients 


Pregnancies/cycle 


Fecundity 


Unstimulated cycles 


Chaffkin et al. (1991) 


Re 


3 


0/11 


0.00 


Arid et al. (1994) 


PR 


15 


1/20 


0.05 


Serhal et al. (1988) 


PR 


15 


1/30 


0.03 


Quagliarello and Arny (1986) 


P 


14 


1/42 


0.02 


Byrd et al. (1987) 


Re 


14 


6/48 


0.13 


Zikopoulos et al. (1993) 


PR 


36 


1/103 


0.01 


Kirby et al. (1991) 


PR 


73 


6/145 


0.04 


Friedman et al. (1992) 


Re 


59 


14/224 


0.06 


CC- stimulated cycles 


Hewitt et al. (1985) 


P 


19 


1/12 


0.08 


Karlstrom et al. (1993) 


PR 


NS 


1/17 


0.06 


Arid et al. (1994) 


PR 


15 


7/49 


0.14 


Balasch et al. (1994) 


PR 


20 


1/40 


0.03 


Deaton et al. (1990) 


PR 


NS 


7/42 


0.10 


Gonadotropin-stimulated cycles 


Sher et al. (1984) 


P 


5 


2/5 


0.40 


Karlstrom et al. (1993) 


PR 


NS 


3/15 


0.20 


Serhal et al. (1988) 


PR 


15 


9/34 


0.26 


Balasch et al. (1994) 


PR 


20 


5/38 


0.13 


Zikopoulos et al. (1993) 


PR 


NS 


6/40 


0.15 


Chaffkin et al. (1991) 


Re 


12 


15/46 


0.33 


Gregoriou et al. (1995b) 


PR 


30 


12/74 


0.16 


Dodson and Haney (1991) 


Re 


57 


17/116 


0.15 


Melis et al. (1995) 


PR 


51 


22/123 


0.18 



Listed according to the number of treatment cycles performed. P, prospective; R, truly ran- 
domized; Re, retrospective; NS, not specified; CC, clomiphene cirtrate. 



Table 4. Literature survey of lUI for cervical factor subfertility 





Study design 


Patients 


Pregnancies/cycle 


Fecundity 


Unstimulated cycles 


Kirby et al. (1991) 


PR 


24 


7/58 


0.12 


Chaffkin et d. (1991) 


Re 


20 


3/58 


0.05 


Confine et al. (1986) 


P 


19 


13/63 


0.21 


Hull (1986) 


P 


19 


3/65 


0.05 


te Velde et al. (1989) 


PR 


27 


13/82 


0.16 


Byrd et al. (1987) 


Re 


26 


10/96 


0.10 


Friedman et al. (1992) 


Re 


91 


32/262 


0.12 


Gonadotropin-stimulated cycles 


Chaffkin et al. (1991) 


Re 


40 


24/91 


0.26 



Listed according to the number of treatment cycles performed. P, prospective; R, truly ran- 
domized; Re, retrospective. 
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and retrospective lUI studies conducted since 1984 were included in this re- 
view which clearly indicated that the work focused on a specific therapeutic 
indication alone (male, idiopathic or cervical subfertility) as well as on either 
spontaneous cycles or cycles stimulated with a single regimen only (CC or 
gonadotropins). 

Even in recent literature HI is controversial when used to treat male and 
idiopathic subfertility in spontaneous cycles and in cycles stimulated with CC. 
This can be inferred from the fecundity rates given for the various indications 
for therapy (Tables 2, 3). In the case of male subfertility pregnancy rates in 
nonstimulated cycles vary between 0% and 21%. Here, fecundity per cycle 
averaged over 18 studies is 5% (92/1950). Averaged over 12 prospective studies 
it is 4% (43/1146). For the nine studies using CC stimulation only the mean 
pregnancy rate is 6% (112/1996) and for six prospective studies it is 3% 
(22/728). In the case of gonadotropin stimulation, however, the probability of 
pregnancy is clearly higher, amounting to 14% (188/1323) on average and to 
12% (40/343) for prospective studies. Table 2 also shows that with the ex- 
ception of two studies of nonstimulated cycles (Kerin et al. 1984, and Byrd et al. 
1987), one study of cycles stimulated with CC (Ombelet et al. 1995) and one 
study of gonadotropin stimulation (Sher et al. 1984) results within the various 
stimulation groups tally amazingly. The results of the prospective, randomized 
study by Kerin et al. involving patients with oligozoospermia should be re- 
viewed rather critically because it is based on quite a liberal definition of male 
factor subfertility (sperm density < 40 x 10^/ml, motile sperm/ejaculate 
< 60 X 10^). The results obtained by Sher et al. are based on a very small 
number of cases and the other two studies are retrospective analyses. 



Table 5. Efficacy of treatment: lUI versus timed intercourse 

Indications lUI TI 



Pregnancies/ Fecundity Pregnancies/ Fecundity 
cycle cycle 



Unstimulated cycles 



Kerin et al. (1984) 


Male 


8/39 


0.21 


0/38 


0.00 


Hughes et al. (1987) 


Male 


0/32 


0.00 


4/35 


0.11 


Thomas et al. (1986) 


Male 


0/30 


0.00 


0/30 


0.00 


Ho et al. (1989) 


Male 


0/114 


0.00 


1/124 


0.01 


te Velde et al. (1989) 


Male 


3/112 


0.03 


2/90 


0.02 


CC-stimulated cycles 


Mucus 


13/82 


0.16 


0/61 


0.00 


Bolton et al. (1989) 


Male 


5/158 


0.03 


NS 


0.00 


Deaton et al. (1990) 


Unexpl. 


7/72 


0.10 


2/70 


0.03 


Aribarg & Sukcharoen Male 
(1995) 

Gonadotropin-stimulated cycles 


8/253 


0.03 


1/242 


0.00 


Ho et al. (1992) 


Male 


6/42 


0.14 


0/42 


0.00 


Zikopoulos et ai. (1993) 


Unexpl. 


6/40 


0.15 


1/62 


0.02 



Controlled, randomized trials for single indications only. lUI, intrauterine insemination; TI, 
timed intercourse; CC, clomiphene citrate; NS, not specified 
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Neither the controlled, randomized studies conducted by te Velde et al. 
(1989) and Ho et al. (1989) nor the studies by Thomas et al. (1986) could prove 
that lUI in spontaneous cycles was superior to timed intercourse in cases of 
oligoasthenozoospermia. Hughes et al. (1987) even achieved significantly 
higher pregnancy rates after intercourse in spontaneous cycles than after in- 
semination (11% versus 0%). Kerin et al. (1984), on the other hand, found 
significantly higher pregnancy rates after lUI than after timed intercourse. 
Bolton et al. (1989) and Aribarg and Sukcharoen (1995) studied the efficacy of 
lUI in CC-stimulated cycles and compared them in a randomized analysis with 
intercourse in spontaneous cycles, obtaining conception rates of only 3% while 
in the control groups pregnancy did not occur at all. Finally, Ho et al. (1992) 
reported a 14% fecundity rate after lUI in gonadotropin-stimulated cycles, 
compared with 0% after intercourse (Table 5). 



Unexplained (Idiopathic) Subfertility 

Conflicting results have also been reported for lUI treatment for idiopathic 
fertility disorders (Table 3). In nonstimulated patients pregnancy rates vary 
between 0% and 13%. Fecundity averaged over 8 studies is 5% (30/623). There 
is less variation in the prospective studies of this group (l%-5%). In a ran- 
domized crossover study of CC-stimulated cycles Arid et al. (1994) report a 
significantly higher pregnancy rate of 14% compared with insemination in 
natural cycles timed after LH surge. Deaton et al. (1990) compared the efficacy 
of lUI after CC stimulation with intercourse in spontaneous cycles and found a 
significant difference in conception rates (10% versus 3%) which, however, did 
no longer apply to the outcome of pregnancy. Finally, looking at the results of 
lUI after gonadotropin stimulation pregnancy rates could be achieved also for 
idiopathic subfertility that are markedly higher than those obtained with clo- 
miphene stimulation (19%; 91/491). This is confirmed by the controlled study 
performed by Zikopoulus et al. (1993; Table 5). 



Cervical Factor Subfertility 

lUI patients in whom cervical factor is the sole cause of infertility have higher 
pregnancy rates (Allen et al. 1985). This was already indicated by Barwin 
(1974), Glezerman et al. (1984), Sher et al. (1984), White and Glass (1976) and 
Wiltbank et al. (1985). In a prospective, randomized study te Velde et al. (1989) 
looked at the results of lUI for cervical fertility disorder and arrived at the 
conclusion that insemination in unstimulated cycles had a significantly higher 
efficacy (16%) than timed intercourse (Table 5). Guttmacher (1960) suggested 
that compromised production of cervical mucus or cervical stenosis were the 
only causes of sterility justifying lUI. However, it is not always easy to diagnose 
a cervical factor by means of the postcoital test and this needs to be considered 
in a critical appraisal of results. Before establishing a diagnosis of cervical 
sterility it is essential to make a thorough analysis in order definitively to 
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exclude the male factor. In some of these cases with suspected cervical factor 
immunological subfertility may be present which is rarely diagnosed as such. 
As in the case of cervical disorder caused by inferior mucus quality or cervical 
stenosis, bridging the cervical canal by lUI might also be considered the 
method of choice when cervical mucus antisperm antibodies have been de- 
tected. If, however, surface antisperm antibodies are present which are pro- 
duced in the male genital tract, expectations placed in lUI should not be too 
high because, first, these antibodies have a high affinity for sperm surface 
antigens and, second, they compromise the ability of sperm to attach them- 
selves to the zona pellucida of the oocytes. Furthermore, lUI will not be helpful 
in women with high serum titers of antisperm antibodies which may also be 
present in the fallopian tubes. 

In the following we present some of our own results obtained with lUI in 
nonstimulated and ovarian-stimulated cycles to treat male subfertility. In two 
thirds of the couples treated at our clinic marked male factor is either the sole 
cause or makes a relevant contribution to the cause of infertility. We perform 
lUI in more than 40% of all therapeutic cycles. In about 65% of the remaining 
cycles we use intracytoplasmic sperm insertions (ICSI) and in 30% we perform 
conventional in vitro fertilization. In order to learn from our own patients 
which lUI management helps optimize pregnancy rates we did a retrospective 
analysis of the results we had obtained over the past 3 years. 



Retrospective Study of Intrauterine Insemination for Male Subfertility 

For the purpose of this study we analyzed data of a total of 1192 patients with 
2512 consecutive treatment cycles. The results cited below relate exclusively to 
treatment for male subfertility. This particular study included 738 couples with 
1314 treatment cycles of conventional lUI. In all patients we had ascertained 
tubal patency by means of laparoscopy and chromopertubation, and there 
were no intrapelvic adhesions nor signs of endometriosis. The endocrino- 
logical status was either nonpathological or had been corrected by medication. 
We ensured in particular that hyperandrogenemia (testosterone > 0.5 ng/ml, 
androstendione > 2.5 ng/ml, and/or dehydroepiandrosterone sulfate 
> 280 pg/dl), hyperprolactinemia (prolactin > 430 plU/ml) and hyperthyr- 
oidism or hypothyroidism (pathological TRH test) were excluded. Patients 
with elevated basal LH concentrations at the beginning of the treatment cycle 
and/or sonomorphological evidence of polycystic ovaries were excluded from 
the study as well. Further, only those males were enrolled in the study whose 
standard parameter values were pathological in at least two semen samples. 
Accordingly, male subfertility was assumed in those cases where sperm density 
in the ejaculate was less than 20 x 10^/ml, normal morphology less than 30%, 
differential morphology less than 15% normal shapes, and total motility less 
than 30%, and where progressive motility was clearly diminished (below 3 on a 
scale from 0 to 4). To establish a safe diagnosis at least two parameters of the 
ejaculate analysis had to be subnormal. Advanced age of the female patients 
was not considered an exclusion criterion. 
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For ovarian stimulation we used CC, hMG or a combination of the two. We 
also performed lUI in nonstimulated cycles. Insemination in spontaneous 
cycles was mainly performed in younger patients and during the first treatment 
cycles. CC was administered over 5 days at a dosage of 50-100 mg/day, be- 
ginning on the third or fifth day of the cycle. In cases of combined CC/hMG 
stimulation one ampoule hMG (=75 lU LH, 75 lU FSH) was added from the 
third day of CC administration until the day ovulation was induced. Ovarian 
stimulation with hMG alone began on the third day of the cycle and was 
continued until the day of ovulation induction or the day of spontaneous LH 
surge. Treatment cycles were monitored closely by means of regular ultrasound 
checks of follicle growth and the determination of E 2 and LH serum levels. In 
this way it was possible when ovaries were slow to react to stimulation to raise 
the gonadotropin dose and correct the course of stimulation without pro- 
voking a hyperreaction (ovarian hyperstimulation syndrome). Once the 
dominant follicle had reached an average size of 18 mm ovulation was induced 
on the evening of the same day by administering 5000-10 000 lU hCG i.m.. 
Patients who had developed more than three preovulatory follicles (>15 mm) 
in the course of stimulation were not inseminated and treatment was canceled. 
In these cases all couples had been informed about the possibility and con- 
sequences of multiple pregnancy and had been warned to refrain from inter- 
course during the days following treatment. In addition, a progestogen 
transformation dose was prescribed. 

For semen processing the ejaculate was washed twice in a culture medium 
(Ham’s FIO or HEPES buffered medium) and then either the swim-up tech- 
nique or glass wool filtration, as described above, were applied. For semen 
samples with distinct oligo-astheno-teratozoospermia we mainly used glass 
wool filtration. The mean inseminate volume was 0.5 ml. 

Intrauterine insemination was usually performed 38 h after hCG adminis- 
tration or on the morning of the following day if a spontaneous LH surge had 
been detected in morning serum or urine. We used polyethylene intrauterine 
catheters only. The distal part of the catheter is flexible so that it can pass 
through the cervical canal and the internal os without causing any trauma. For 
the same reason the catheter tip is rounded and has side holes. After exposing 
the ectocervix with a bivalve speculum a single-toothed tenaculum was used to 
stretch the cervix in those cases where catheter passage proved difficult. The 
inseminate which had been drawn into the catheter free from air bubbles was 
then transferred slowly into the upper part of the uterus. After insemination 
patients rested for about 15 min. 

The luteal phase was supported by i.m. injections of 5000 lU hCG on days 2 
and 5 after insemination or by vaginal suppositories at a dosage of 200 mg/day 
for 16 days. Pregnancy was diagnosed by means of a positive radioimmuno- 
assay of increasing hCG serum levels on day 14 or 16. Once we had ascertained 
pregnancy without any doubt we gave an i.m. injection of 500 mg 17ot-hy- 
droxyprogesterone caproate and 10 mg estradiol valerate in an oily solution 
twice a week until pregnancy had been confirmed by ultrasound. If the preg- 
nancy was intact we continued this regimen until the end of the 12th week of 
gestation (Prietl et al. 1992). 
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Fig. 3. Pregnancy rates per cycle (%) after lUI for male subfertility. Comparison of the 
results achieved in spontaneous cycles and in cycles with different ovarian stimulation 
regimens. The difference between the groups with CC stimulation and with hMG sti- 
mulation is statistically significant p < 0.005) 



Pregnancy was monitored biochemically and ultrasonographically until day 
35 after insemination. We took occasional blood samples to determine hCG, 
progesterone and estradiol- 17p and checked the eutopic site, the number of 
implantations and their vitality. For further maternity care patients in most 
cases then returned to their physicians who had referred the couples to us. 



Results 

Retrospective analysis of all groups investigated did not reveal any statistical 
differences with regard to the distribution of variables relevant for the prob- 
ability of conception. The mean values of potential influencing factors were 
equally distributed in the pregnant and nonpregnant groups. These included 
patient age (33.1 ± 4 years), number of preovulatory follicles > 15 mm 
(1.7 ± 0.5), preovulatory E 2 value (551 pg/ml ± 340), duration of infertility 
(5.1 ± 3.3 years), number of motile sperm inseminated (6.1 x 10^ ± 4.2), 
normal ejaculate morphology (strict criteria: 6.2% ± 5.9), and the ratio of 
primary to secondary subfertility (74% to 26%). 

Evaluation of the pregnancy rates showed that they matched well with the 
results of prospective, randomized studies published in the literature (see 
Table 2). The pregnancies cited in our study resulted from treatment cycles in 
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which lUI had been performed. The percentage of preclinical (biochemically 
determined) pregnancies without sonomorphological findings was 3.5%. Fig- 
ure 3 gives an overview of the pregnancy rates achieved after lUl in sponta- 
neous cycles and in ovarian-stimulated cycles. A total of 89 pregnancies was 
achieved in 738 couples undergoing 1314 treatment cycles. This compares with 
a patient-specific pregnancy rate of 12% and a cycle-specific rate of 7%. The 
average rate after lUI in spontaneous cycles was 2.1% (2/95), after insemina- 
tion in stimulated cycles 7% (87/1219). The difference in conception rates 
between CC-stimulated groups (5.6%) and gonadotropin-stimulated groups 
(11.2%) is statistically highly significant (y^, p < 0.005). 

Also in terms of cumulative conception rates there is a clear difference 
between CC stimulation and gonadotropin stimulation. Figure 4 and Table 6 
show that lUl after hMG stimulation involves a considerably higher probability 
of pregnancy than after CC stimulation. It can also be inferred from the data 
that the cumulative probability of pregnancy after hMG stimulation continues 
to increase even after the third treatment cycle, whereas after CC stimulation 
the probability curve virtually levels off. Of 42 pregnancies after CC stimulation 
40 occurred during the first three cycles and only two in subsequent cycles. 
Hence lUI after hMG stimulation seems to make sense even after the third 
treatment cycle. Nevertheless, we opted for IVF at a very early stage which is 
reflected in the decreasing number of treatments. 

As mentioned before, we also found a correlation between the number of 
motile sperm inseminated and the pregnancies achieved per cycle. Insemina- 
tion of more than 5 x 10^ sperm resulted in significantly higher pregnancy 
rates than insemination of less than 5 x 10^. After hMG stimulation this cutoff 
point was valid for both primary and secondary male subfertility. Interestingly 
enough, in cases of primary subfertility a correlation between the number of 
sperm inseminated and the pregnancy rates could not be identified after CC 
stimulation. This seems to suggest that the otherwise verifiable benefit of 
transferring a larger number of spermatozoa into the uterus has no effect on 
primary subfertility. In cases of primary fertility disorder the cycle fecundity 
rate following insemination of more than 5 x 10^ sperm after CC stimulation 
was 9.5% (24/252), after combined stimulation with CC and hMG it was 13.5% 
(21/158) and after hMG stimulation alone it was 20.7% (24/116). The difference 
in conception rates between CC stimulation and gonadotropin stimulation is 
statistically highly significant (/, p < 0.005). These results are shown in Fig. 5. 

Summary of Factors Influencing the Success of lUI. Comparison 
of Results Achieved with Invasive Assisted Reproductive Techniques 

A large number of variables influence the success of homologous artificial 
insemination. These include factors that are characteristic of each individual 
couple and are known at the beginning of treatment, such as age, duration of 
infertility or the diagnostic entity of the fertility disorder involved (e.g., idio- 
pathic, cervical, male, primary, secondary subfertility). Such conditions affect 
the chances of success not only of lUI, but - if other treatment methods were 
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Fig. 4. Cumulative pregnancy rates (%) after lUI for male subfertility. Comparison of 
results achieved after CC and hMG stimulation 



Table 6. Cycle fecundity and 
cumulative pregnancy rate 



Cycle no. 


Pregnancies/ 

cycle 


Fecundity 


Cumulative 
pregnancy rate 


CC-stimulated cycles 






1 


29/417 


0.07 


0.07 


2 


8/192 


0.04 


0.11 


3 


3/87 


0.03 


0.14 


4 


0/37 


0.00 


0.14 


5 


1/13 


0.08 


0.21 


6 


1/5 


0.20 


0.36 


7 


0/2 


0.00 


0.36 


Total 


42/753 


0.06 


- 


Gonadotropin-stimulated cycles 




1 


16/156 


0.10 


0.10 


2 


6/65 


0.09 


0.19 


3 


4/24 


0.17 


0.32 


4 


2/12 


0.17 


0.44 


5 


1/1 


1.00 


- 


Total 


29/258 


0.11 


- 
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Fig. 5. Pregnancy rates per treatment cycle (%) after lUI for male subfertility. Com- 
parison of the results achieved in cycles with different ovarian stimulation regimens 
after insemination of > 5 x 10^ spermatozoa. The difference between the groups with 
CC stimulation and with hMG stimulation is statistically significant p < 0.005) 

chosen (IVF/ET, GIFT) - they would also have an influence on the outcome of 
those therapies. Then there are variable factors of management, such as dif- 
ferent semen processing techniques, the method of ovarian stimulation or 
timing of insemination which also have a bearing on the result of therapy. This 
is why a comparison of the results obtained with different treatment methods 
needs to be based on identical factors and conditions. 



Age-Related Decline in Female Fecundity and Fecundity by Duration of Subfertility 

Generally the monthly probability of conception decreases after the age of 30 
and drops more rapidly in women over 35. At the age of 45 pregnancy is very 
rare (Menken et al. 1986). It was assumed that the main cause of declining 
pregnancy rates was reduced uterine receptivity associated with higher age. 
This view was corroborated both by the fact that the probability of conception 
declines in spite of regular ovulatory cycles and by the observation that 
pregnancy rates after IVF/ET drop in spite of good fertilization and cleavage 
rates. Table 7 which presents results after GIFT and IVF/ET by age also shows 
that pregnancy rates declining with age are independent of the number of 
oocytes or embryos transferred. 

Experimental clinical studies, however, suggest that it is not reduced uterine 
receptivity which is primarily responsible for decreasing age-related fertility. 
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Table 7. Therapy results as a function of the woman’s age in GIFT and IVF/ET 



Age 

(years) 


GIFT 




IVF/ET 






Oocytes 

transferred 


Pregnancies/ 
aspiration (%) 


Oocytes 

fertilized 


Embryos 

transferred 


Pregnancies/ 
aspiration (%) 


30-34 


2.9 


25.6 


3.8 


2.6 


24.7 


35-39 


2.9 


20.0 


3.5 


2.5 


20.7 


> 39 


2.7 


12.1 


2.7 


2.3 


12.8 



From the German IVF Register: analysis of 1995 data. 



but rather oocyte quality declining with age. Recently there have been repeated 
reports about high pregnancy rates and low spontaneous abortion rates in 
postmenopausal women after oocyte donation (e.g., Balmaceda et al. 1994; 
Navot et al. 1994). Furthermore, histological and immunocytochemical studies 
of the endometrium with quantitative determination of steroid receptors after 
hormone replacement therapy in postmenopausal women did not establish any 
age-related differences in comparison with younger women (Sauer et al. 1993). 
Finally, Munne et al. (1995) presented cytogenetic evidence that the age-related 
decrease in implantation rates is largely attributable to the presence of aneu- 
ploid oocytes. The fertilization rate of these oocytes with normal pronuclei and 
the first cleavage stages of the developing embryo appear to remain unaffected. 
Genome expression which occurs after the four- to eight-cell stages could thus 
easily explain the failure to implant, the increased number of pregnancies 
which can only be detected biochemically as well as the substantially higher 
rates of spontaneous abortion in older women. In this context a study by Hull 
et al. (1996) should be cited which investigated implantation rates after IVF/ET 
declining with age. It could be shown that implantation rates were significantly 
higher if it was possible to choose from four or more embryos on the basis of 



m 20 




IS 


c 


16 


‘■P 


14 


a 


12 




10 




c 

® 


8 


c 


6 


1 


4 



18,3 



31 / 16 $ 

35^39 



10.8 



8/74 
> 39 



Women's age [years] 



Fig. 6. Pregnancy rate per patient (%) after lUI for male sub fertility as a function of 
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Table 8. Correlation between the duration of sub- 
fertility and the women’s age. Patient group with 
male subfertility only (738 couples) 



Duration of 

subfertility 

(years) 


Women’s age 
(mean and 
standard deviation) 


< 2 


31.1 ± 4 


3-4 


32.2 ± 4 


5-6 


33.0 ± 3.9 


6-8 


34.4 ± 4.1 


> 8 


35.7 ± 3.6 



qualitative criteria. The implantation rate in the age group between 35 and 39 
was only 6%, when a maximum of three embryos were transferred (none 
further available). When three embryos out of four or more were selected for 
transfer the implantation rate was 18%. 

In our insemination study, too, we could find marked differences in preg- 
nancy rates as a function of age. Figure 6 compares the conception rates of 35- 
to 39-year-old patients (18%) with those of the age group over 39 (11%). The 
mean number of preovulatory follicles was the same in both groups (1.7 ± 0.5 
vs. 1.6 ± 0.4). In each group the same number of women were given CC or 
gonadotropin for ovarian stimulation. Other authors (e.g., Dodson and Haney 
1991; Frederick et al. 1994) found a similar dependency of pregnancy rates on 
age after lUI. In their study Frederick et al. (1994) questioned the value of lUI 
in women over 40, citing a spontaneous abortion rate of 73% compared with 
18% for women under 40. 




Duration of subfertility [years] 

Fig. 7. Pregnancy rate per cycle after lUI as a function of the duration of infertility in 
male subfertility. The difference in pregnancy rates with subfertility > 5 years is sta- 
tistically significant (/^, p < 0.025) 
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The persistence of infertility is closely related with the increasing age of 
patients. We certainly found such a relationship in our study. It seems to be 
obvious that the combination of both factors is likely to have an adverse effect 
on the probability of conception. Table 8 illustrates the link between age and 
the duration of subfertility. Finally, Fig. 7 presents pregnancy rates per cycle as 
a function of the duration of subfertility for the entire male subfertility group 
in our study. The graph shows that conception rates decline continuously with 
increasing duration of subfertility. The difference is particularly obvious at an 
arbitrary cutoff point of 5 years (x^ ,p < 0.025). Such a correlation in couples 
with male subfertility was described as early as 1978 by Aa^es et al. 



Variable Factors of HI Treatment 

In ovarian-stimulated cycles timed lUI increases the probability of conception 
by raising the number of gametes at the site of fertilization. It can be gathered 
from this contribution and from the literature cited that irrespective of the 
number of preovulatory follicles gonadotropin stimulation is superior to 
ovulation induction with CC only. In our own study we achieved a pregnancy 
rate per treatment cycle of 20.7% after hMG stimulation with an average of 1.7 
follicles. This result does not differ from the mean pregnancy rates per cycle 
given by the German IVF Register for the same age group after IVF. Obviously, 
our experience has all the limitations usually associated with a retrospective 
analysis and, given the lack of a control group, we cannot claim to prove the 
efficacy of a particular method. Nevertheless, our results have encouraged us 
mainly to use gonadotropin stimulation only. But these results also show that 
optimized sperm processing ensuring a higher number of motile spermatozoa 
to be inseminated also contributed to the pregnancy rates achieved. As dis- 
cussed, we set a cutoff point of 5 x 10^ motile sperm in the inseminate for our 
laboratory since we feel that lUI has little chance of success below this limit. 
This cutoff point, however, may vary from laboratory to laboratory , depending 
on individual variance in determining sperm density. Bearing this in mind we 
would recommend to base the decision on whether or not to perform in- 
semination on the recovery rate of progressively motile sperm after semen 
processing. Finally, we attach great importance to determining the time of 
ovulation as accurately as possible. The closer to this time lUI can be per- 
formed, the greater the probability of successful fertilization, especially in cases 
of male subfertility. 
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Evaluation of Oocytes and the Oocyte-Cumulus Complex 

Ovarian hormonal stimulation is accompanied in most assisted reproduction 
therapies by the monitoring of follicular growth using ultrasound investiga- 
tions. In addition, the amount of estrogen and luteinizing hormorne in per- 
ipheral blood plasma is assessed to determine the optimal time of ovulation 
induction. The therapeutic goal is to achieve an appropriate number of mature 
oocytes, for example, for in vitro fertilization or intracytoplasmatic sperm 
injection (ICSI), because these seem to guarantee superior quality embryos. 
However, well-monitored ovarian stimulation does not necessarily always 
guarantee mature oocytes. Since no reliable biochemical tests are available to 
assess follicular fluid components in the punctured fluid material, direct mi- 
croscopic assessment of the morphology of the oocytes remains the most 
practical and promising method of evaluation. The cell types composing the 
cumulus-oocyte complex, which must be evaluated, are the cumulus cells 
comprising the densely packed corona radiata cells and the considerably 
varying number of dissociating follicular epithelied cells, and the oocyte itself. 



The Cumulus Oophorus 

The cumulus cells are the follicular epithelial cells released from the follicle by 
the process of ovulation together with the oocyte. The innermost layer of cells 
directly surrounding the oocyte are referred to as “corona radiata.” These are 
densely packed epithelial cells. The surrounding cumulus shows a typical ap- 
pearance in relation to the maturity of the oocyte. 

The most , favorable appearance of a “mature” oocyte-cumulus complex 
shows all signs of “dissociation”: the follicular cells (synonym: granulosa cells) 
are expanded as single cells in a wide network of matrix filaments. The more 
pronounced this dissociation is, the more mature the oocyte is for fertilization. 
However, characteristic of immature oocytes are clumped cumulus cells, 
sometimes appearing only black or dark under the microscope. Less fre- 
quently, there is also a gelatineous mass around the oocyte. 

The corona radiata must be assessed separately. These cells are closely as- 
sociated with the oocyte and the zona peUucida during the entire period of 
development. In this development one can distinguish either a tightly packed 
corona radiata or a process of slight loosening of the corona cells, although 
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remaining apposed to the oocyte. In some cases of old or overmature oocytes, 
some corona cells are present only at the zona pellucida while most have been 
pinched off. 

The Oocyte 

While the cumulus is only beginning its dissociation, the oocyte can already be 
barely visualized. Nevertheless, three distinct morphological structures must 
be assessed: the nucleus, ooplasm, and zona pellucida. In addition, particular 
attention should be paid to the polar body as it develops in parallel to the 
meiosis. During meiosis the oocyte is arrested in prophase I (until peak go- 
nadotropin release) and later a metaphase II (until fertilization). As can be 
demonstrated very clearly, the oocyte therefore displays the following mor- 
phological parameters: either there is no polar body and a germinal vesical 
(prophase I), or there is no polar body and no nucleus (metaphase I), or there 
is an extruded first polar body (metaphase II). 

The next assessment should be directed to the cytoplasmic characteristics of 
the oocyte, which can easily be visualized by light microscopy; in particular 
one should focus on the color and granulation. The color depends on the 
transmission of light but usually appears light yellow to gray and normally 
shows a homogeneous appearance. The presence of dark granules of various 
sizes may be interpreted as denaturation or signs of coagulation of proteins at 
various stages. Coarse granulation is found in overmature or pathologically 
altered oocytes. The overall shape and size of an oocyte is assessed simulta- 
neously with the shape and appearance of the zona pellucida. The evenly round 
oocyte body measures 100-150 pm in diameter. The zona pellucida usually 
varies in thickness from 10 to 30 pm. 

The typical morphological feature of the human zona is its “fuzzy” outer 
surface, sometimes resembling a dissolving matrix structure. The significance 
of the zona pellucida’s thickness is controversial. Hill (1987) reported a posi- 
tive correlation between the zona thickness and the in vitro fertilization rate, 
but Bertrand et al. (1995) observed a clearly negative correlation. Nevertheless, 
it has become a generally accepted parameter to assess the maturity of a human 
oocyte by the degree of “dissociation” of the cumulus-oocyte complex. Hill et 
al. (1989) proposed the following grading schedule of cumulus-oocyte complex 
dissociation: 

- Grade 1 (immature oocyte, prophase; I Fig. la) 

- Dense and compact-appearing cumulus cells, tightly packed all around 
the oocyte. 

- Light microscopicy shows a centrally located germinal vesicle. 

- No polar body is present. 

- Grade 2 (nearly mature, metaphase I; Fig. lb) 

- The oocyte exhibits an expanded cumulus mass, but the corona radiata is 
closely apposed to the zona pellucida. 

- No polar body, no germinal vesicle. 

- The ooplasm is lightly colored, sometimes slightly granular. 




Fig. la-f. Grading of oocytes, a Grade 1, immature, prophase I. b Grade 2, nearly 
mature, metaphase I. c Grade 3, mature, metaphase II. d Grade 3, preovulatory, meta- 
phase II. e Grade 4, postmature. f Grade 5, nonviable (with kind permission from Veeck 
1986, Williams and Wilkins, Baltimore) 
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- The diameter of the extended, dissociated cumulus complex is some 400- 
600 pm (equivalent to 3-5 oocyte diameters). 

- Grade 3 (mature/preovulatory, metaphase II; Fig. lc,d) 

- A very expanded cumulus, looking “fluffy” in a thin web of fibrils of 
matrix mass. 

- Corona radiata is still associated with the zona, sometimes appearing 
loosely aggregated. 

- An extruded polar body (often hardly to visualize), no nucleus. 

- A clear ooplasm, homogeneously granulated. 

- Grade 4 (postmature; Fig. le) 

- The cumulus is clumped, sometimes absent. 

- The corona may be extremely expanded, partly missing or clumped, 
darkened and irregular cells. 

- The polar body is still intact or fragmented. 

- The ooplasm may be slightly darkened, mainly granulated. 

- The oocyte is still round and even. 

- Grade 5 (atretic, nonviable; Fig. If) 

- Atresia occurs in all oocytes from early immature to postmature stages. 

- Cumulus cell mass is missing. 

- Corona radiata is present, clumped and irregular. 

- The polar body and nucleus are degenerated, if present. 

- Dark and vacuolated ooplasm. 

- Uneven surface and very irregular shape of the oocyte; a perivitelline 
space is obvious. 

- Clearly visible, dark (brushlike) zona pellucida. 

Because of their nonviable condition, neither oocytes from oocyte-cumulus 
complexes of grade 5 nor fractured oocytes should be inseminated. Oocytes are 
sometimes observed that cannot be categorized into one of grades 1-4. A 
possible reason for this is that nuclear and cellular maturity are not necessarily 
concurrent events (Eppig et al. 1994). Particularly in FSH-stimulated cycles 
oocytes can be observed which include a germinal vesicle and no polar body 
and are surrounded by a highly expanded cumulus and corona radiata. De- 
velopment is always poor if the discrepancy between oocyte and cumulus 
morphology is very extreme, although maturation may progress up to meta- 
phase II. 

The germinal vesicle breakdown, i.e., the final oocyte maturation, normally 
occurs in response to the peak in luteinizing hormorne. If there are immature 
oocytes, insemination should be delayed until extrusion of the first polar body 
is visible. In particular, grade 2 oocytes can be cultured in vitro up to 15 h to 
allow them to complete nuclear and cytoplasmatic maturation. Maturation of 
grade 1 oocytes appear within about 24 h (20-28 h). Insemination is re- 
commended 2-6 h after the first polar body is extruded. If the nuclear as- 
sessment is not clear because of a tightly packed cumulus, insemination about 
29 h after the oocyte pick-up generally results in a favorable outcome. If in- 
semination is allowed too early, the oocytes are cytoplasmatically immature, 
which means that the cortical granules are not yet located close to the oocyte’s 



214 



A. Herrler and H.M. Beier 



cell membrane. The result is impregnation by more than one spermatozoon. 
The result of such a polyploid development is very similar to that in aged 
oocytes. 

Assessment of the Fertilization Cascade 

For the fertilization cascade (Beier 1992) usually one spermatozoon should 
finally penetrate the oocyte. This releases the contents of cortical granules and 
leads to the zona reaction, which prevents further sperm penetration and 
polyspermy. In addition, the oocyte becomes activated to complete its meiotic 
division by extrusion of the second polar body. Light microscopic evaluation of 
oocytes during the fertilization cascade shows the following appearance 16- 
18 h after insemination (Fig. 2b): 

- Two polar bodies. 

- Two pronuclei generally located closely together: the male pronucleus may 

appear somewhat larger. 

- The pronuclei normally contain several nucleoli. 

These parameters are the most practical criteria for an easy and fast as- 
sessment. For clear evaluation the oocyte sometimes must be freed from re- 
maining cumulus and corona cells by gently “up- and down-pipetting.” 
Morphological parameters are not a basis for predicting further developmental 
competence (Dieguez et al. 1995). The time for the assessment procedure must 
be kept as short as possible because visible light and changes in the pH of the 
culture media may be responsible for risks to the early embryonic development 
(Fischer et al. 1988; Schumacher et al. 1988, 1989, 1991). 

However, the assessment of oocytes during fertilization is very important as 
prezygotes with three or more pronuclei (Fig. 2c) are able to develop to 
morphologically normal appearing cleavage stages. Plachot and Crozet (1992) 
reported that 6.5% of fertilized oocytes show three pronuclei. The surplus 
pronucleus may be derived from an additional spermatozoon (delayed poly- 
spermy block) or a nonextruded second polar body. Two maternally derived 
pronuclei appear in ICSI in particular (Palermo et al. 1993; Flaherty et al. 1995) 
because of damage to the spindle apparatus. Measurement of its size allows 
determination of whether the surplus pronucleus is male or female. The first 
cleavage division is reached by 82% of trinucleated prezygotes, and 25% even 
reach the blastocyst stage (Plachot et al. 1989). Balakier and Casper (1991) 
often observed triploid and tetraploid cleavage stages with a normal mor- 
phology. While four-cell to eight-cell embryos seem normal, most blastocysts 
show developmental abnormalities (Plachot and Mandelbaum 1990), which 
explaines the increased incidence of spontaneous abortions following transfer 
of such embryos. Possible causes of triponucleated prezygotes include im- 
mature or overmature oocytes (van der Ven et al. 1985), high sperm con- 
centration (Wolf et al. 1984), defects of the zona pellucida (Engelert et al. 1986), 
and the failure of cortical granules extrusion (Sathananthan et al. 1985). De- 
ciding whether to transfer an embryo originating from a tripronucleated pre- 
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Fig. 2a-c. Oocytes 16-18 h after 
insemination, a Unfertilized oocyte, one 
polar body, no pronucleus, b Fertilized 
oocyte, two pronuclei, two polarbodies. 
c Polyspermy, three pronuclei (with 
kind permission from Veeck 1986, 
Williams and Wilkins, Baltimore) 








zygote is difficult. On the one hand, one fears causing an abnormal pregnancy. 
Furthermore, the abortion of a polyploid embryo would also lead to the loss of 
a cotransferred normal embryo. On the other hand, embryos originating from 
trinucleated prezygotes show a diploid karyotpye in 32%, a triploid in 24%, 
and a mosaic in 29% (Plachot et al. 1989). 

Another abnormal fertilization phenomen is the appearance of only a single 
pronucleus (Fig. 2a). Penetration of a spermatozoon may have occurred de- 
spite this feature. Plachot et al. (1987, 1992) have shown that 80% of virtually 
“unfertilized” oocytes have sperm chromosomes. The male pronucleus was not 
visible in these prezygotes because of premature sperm chromosome con- 
densation (PCC). The incidence of PCC is 34% in immature oocytes. PCC was 
slightly higher than hMG following FSH treatment (30% vs. 11%). PCC is 
induced by an ooplasmic factor (Flaherty et al. 1995). Only one pronucleus was 
observed in 1.6% of oocytes, reflecting a haploid oocyte, which means that 
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fertilization had failed (Plachot and Crozet 1992). Of these oocytes 77% pro- 
ceeded to the two- or the four-cell stage. Within 7 days 30% had reached the 
expanded blastocyst stage. Of the two-cell to eight-cell embryos 16.9% showed 
a haploid set of chromosomes (30% diploid due to nonextrusion of the second 
polar body, 18% mosaic). 

Veeck (1986) described cases in which cleavage stages were obtained directly 
from the follicle and oocytes which underwent division without fertilization. 
Although such divisions have been induced by stressing oocytes with acidified 
thyrode solution and by high vacuum pressure, a cytosolic sperm factor is 
normally responsible for activating oocyte division (Swann et al. 1994; Doz- 
ortsev et al. 1995). In ICSI it has been shown that the spermatozoon can be 
rejected again after more than 20 min (Flaherty et al. 1995). Dozortsev (1995) 
demonstrated that 4% of sham-injected (ICSI) oocytes cleaved at least once. A 
cleavage of haploid nonfertilized oocytes is therefore possible. These “em- 
bryos” never result in an ongoing pregnancy. 



Evaluation of the Early Embryo 

The cleavage stages are normally retransferred 48-72 h after insemination. 
Shortly before transfer they are normally assessed and graded to evaluate the 
success of in vitro fertilization and culture. Two-cell stages are observed 22- 
44 h after insemination (usually around 24 h). Four-cell stages are expected 
46 h after postinsemination (36-50 h). Eight-cell stages are seen after 48 h. 
Blastomeres may undergo asynchronous cleavage, and embryos with con- 
secutive numbers of blastomeres are therefore observed. As blastomeres divide 
without any preceding cytoplasmatic production, ongoing cleavage results in 
smaller blastomeres. Roux et al. (1995) have presented a scheme of normal 
asynchronious cleavage (Fig. 5a). Blastomeres of two-, four-, or eight-cell 
embryos may have the same size. 

The following criteria are used to assess early embryonic stages: 

- For sperical blastomeres allowance must be made for the appearance of 
blastomeres of differing size because of asynchronous cleavage. 

- The number of blastomeres must be evaluated in relation to the expected 
number, depending on the time of in vitro culture. 

- Color and granulation of cytoplasm of the blastomeres. 

- The blastomere membrane should be smooth, without “patch” appearance. 

- Size of the periviteline space. 

- Diagnosis of fragmentation. 

- Thickness of zona pellucida. 

According to Hill et al. (1989), four embryonic grades can be distinguished: 

- Grade A (see Fig. 3a, high quality embryo) 

- Blastomeres are sized “evenly,” nearly spherical. 

- Cytoplasm is uniform, slightly granulated. 
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- Four blastomeres (48 h after insemination), eight blastomeres (72 h after 
insemination). 

- Blastomeres are symetrically located within the zona pellucida. 

- No fragmentation. 

- Zona pellucida looks pale; some corona cells may remain; some sper- 
matozoan are visible within the zona. 

- Grade B (see Fig. 3b, “good” embryo) 

- Blastomeres are slightly uneven or irregular shaped. 

- Cytoplasm with uneven granules. 

- Reduced blastomere adherence. 

- Up to 10% fragmented blastomeres. 




Fig. 3a-d. Grading of embryos 48 h after insemination, a Embryo grade A. b Embryo 
grade B, some fragmentations, c Embryos grade C, 50% fragmentation, d Embryo grade 
D, total fragmentation (with kind permission from Veeck 1986, Williams and Wilkins, 
Baltimore) 
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- Grade C (see Fig. 3c, sufficient embryo) 

- Blastomeres of uneven size and appearance. 

- Reduced blastomere adherence. 

- Cytoplasm shows large dark granules and vacuoles. 

- Blastomere membranes appear “patchy.” 

- Blastomeres are located nonsymetrically within the zona, enlarged peri- 
vitelline space. 

- Up to 50% fragmented blastomeres. 

- Grade D (see Fig. 3d, “bad embryo”; see also Fig. 4) 

- At least one blastomere should be visible. 

- Blastomeres are very uneven. 

- Cytoplasm shows large dark granules and vacuoles. 

- Blastomere membranes look “patchy,” reduced blastomere adherence. 

- Extensive fragmentation. 

- Such assessment provides the possibility to judge the embryos im- 
mediately before transfer. Videotaping and photographing the embryo 
allow retrospective analyses of several parameters with higher accuracy. 

Prediction of Assisted Reproduction Outcome 

The factors affecting the outcome of pregnancy include oocyte maturity, suc- 
cess of fertilization, and quality of embryos. According to Hill et al. (1989), 
grade 2 and 3 oocytes are more likely to develop into grade A embryos. 
Therefore the transfer of grade A embryos results in the highest pregnancy 
rates (38%). Steer et al. (1992) have presented a simple cumulative embryo 




Fig. 4a,b. Further embryonic stages, a Morula, 100 h after insemination, b Blastocyst, 
120 h after insemination (with kind permission from R.G. Edwards 1980, Academic 
Press, London) 
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score (CES), multiplying the number of blastomeres by the morphological grade 
of an embryo and summing the score for all transferred embryos. The highest 
pregnancy rate with the lowest rate of multiple pregnancy was observed with a 
CES of 35-42. Increasing the CES, i.e., the transfer of more “good” embryos, also 
increased the incidence of multiple pregnancies. The overall results are reflected 
by a high rate of take-home babies and virtually no multiple pregnancies. 

Reducing the number of transferred embryos from three to two increases 
the incidence of pregnancy failure. Transferral of only “high-quality” embryos 
would reduce this incidence to a minimum. Replacing two “good” embryos has 
been shown to be the best method (Kodama et al. 1995; Puissant et al. 1987). In 
addition to morphological criteria, the assessment of “good” embryos includes 
the cleavage rate (per time). Giorgetti et al. (1995) have clearly demonstrated 
that four-cell embryos (48 h after insemination) result in signiflcantly higher 
pregnancy rates than embryos with fewer or even more blastomeres (15.6% vs. 
7.4%, respectively). Both slowly and rapidly cleaving embryos result in fewer 
pregnancies than those that reached the four-cell stage within 40 h after in- 
semination (Cummins et al. 1986; Claman et al. 1987). 



Fig. 5a-c. Scheme of the asynchronous 
cleavage from the zygote to the eight-cell 
cleavage stage, a Normal synchronous 
cleavage, b Delayed asynchronous cleavage 
(black), c Advanced asynchronous cleavage 
(black). (From Roux et al. 1995) 
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Regarding morphological criteria, irregular blastomeres and fragments play the 
most important role in predicting further development (Gritto et al. 1991; 
Morgan et al. 1995; Giorgetti et al. 1995). Either an abnormal cleavage of 
blastomeres (Fig. 5; Roux et al. 1995) and fragmentation should lead to an 
inferior grading of the embryo. The often observed fragments in embryos are 
signs of degenerated blastomeres which have undergone apoptosis (pro- 
grammed cell death, PCD; Jurisicova et al. 1996). The chromatin is segregated 
during apoptosis, the nucleus is fragmented, and at least the cell disintegrates 
into several membrane-wrapped bodies, sometimes with nuclear components 
(Kerr et al. 1994). Since blastomeres are not able to phagocytose apoptotic 
bodies, the fragments remain visible for a long time. In early embryos apop- 
totic bodies persist and may become necrotic. Further research is required to 
determine whether this can damage the remaining cells. 

Chemical criteria have also been investigated for in the search for correla- 
tions to pregnancy outcome. Pyruvate uptake has been shown to be correlated 
with the developmental competence of human embryos (Leese et al. 1986), 
although the authors were unable to verify this in individual embryos (Con- 
aghan et al. 1993). Oxygen consumption has been shown not to be a good 
parameter (Magnusson et al. 1986). It has been suggested that platelet-acti- 
vating factor is produced in higher amounts by embryos which subsequently 
result in an ongoing pregnancy (O’Neil et al. 1987; Nakatsuka et al. 1992). Clark 
et al. (1989) described an embryo-associated suppressor factor. None of these 
parameters has shown itself to be a practical means of assessment of in vitro 
fertilization in the laboratory. The morphology of embryos thus remains the 
most useful, practical, and reliable indicator for their quality. 
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Introduction 

From the moment of fertilization onwards, life processes run by the rhythm of 
a biological clock. The technology of cryopreservation gives us the possibility 
of interfering with the clockwork by stopping biological time. Cryopreservation 
of a cell therefore involves the cooling of a cell and storage at a temperature 
where all metabolic processes are arrested. In practice, frozen cells are stored at 
the temperature of -196°C in liquid nitrogen. The ultimate challenge associated 
with cryopreservation would be the realization of whole body freezing. As 
beautiful and romantic as this may be depicted in motion pictures such as 
Forever Young, the reality is that the cryopreservation of single cells and small 
pieces of tissue is where we stand today. The freezing of single cells is con- 
sidered cryobiologically the simplest, since only the physicochemical char- 
acteristics of one specific type of cell must be taken into account in predictions 
of the response to freezing. Paradoxically, sperm cells and oocytes are single 
cells but seem rather sensitive to cryopreservation stress. This may be related 
to their highly specialized structure and function of reconstituting an entire 
organism from the fusion of two single cells. This chapter provides an overview 
of the current status of oocyte and sperm freezing. 



Cryoconservation of Oocytes 

Historical Background 

The pioneers of oocyte cryoconservation set out their goals almost 50 years 
ago. It is therefore surprising that now, near the turn of the twenty-first cen- 
tury, there is still no successful method for the cryoconservation of the human 
oocyte. In this chapter we explore the reasons for this and attempt to provide 
an idea of the prospects for the near future. 

In 1949 a paper by Polge et al. appeared in Nature describing the first 
successful cryopreservation of fowl spermatozoa with glycerol. It is worth 
mentioning that this discovery was made in a rather pragmatic and serendi- 
pitous way since the experiments leading to the discovery were primarily de- 
signed to investigate the aiding effect of sugars on vitrification. The 
cryoconservation of the female gamete was, however, to require more than 
pragmatism and good fortune. 
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In 1957 Lin, Sherman, and WiUet demonstrated that the mouse oocyte can 
survive cooling to -5°C in a 5% glycerol-containing medium. In 1958 Sherman 
and Lin reported the birth of live young following in vitro fertilization (IVF) of 
mouse oocytes that had been “frozen” at -10°C in a 5% glycerol-containing 
medium. However, no oocytes survived exposure to a temperature of -20°C. 
The question with regard to these experiments is whether the oocytes were 
really frozen at -10°C, or whether they were reduced to a supercooled state. 
Protocols that involved a lower storage temperature of -79°C were applied by 
Smith and Parkes in 1951 and by Parkes in 1958 for the cryopreservation of 
ovarian sections rather than for the ovulated oocyte. They found that although 
all graafian follicles had degenerated after thawing, a few primordial follicles 
had survived. In 1960 Parrott was able to obtain live young from transplanted 
ovarian wedges that had been frozen with glycerol to -79°C. 

A breakthrough in oocyte freezing did not, however, take place. It was 
another breakthrough that was to renew interest in cryoconservation of the 
female gamete. In 1978 the world was startled by the birth of the first test-tube 
baby, Louise Brown. It belongs to the history of medicine that this revolution 
in medicine and biology was possible only through the pioneering work of 
Edwards and Steptoe (Steptoe and Edwards 1978; Edwards et al. 1980), who 
combined biology and gynecology in an extremely symbiotic way. An im- 
portant consequence of the establishment of the technique of IVF was that the 
human ovum was made accessible during an extracorporeal bypass between 
the ovary and the uterus. This possibility gave a vast new impulse to the 
interest in human oocyte cryoconservation. 

It was not the human oocyte but the human embryo that was the first to be 
successfully cryopreserved. Indeed, over a period of approximately 20 years 
(1960-1980) cryobiology had been raised from the level of pragmatism to 
science by pioneers of mathematical cryobiology such as Mazur (1970) and 
Leibo (1977, 1978, 1980). These authors had set up mathematical models for 
the freezing of biological systems based on the physicochemical characteristics 
of cells, such as membrane permeability and surface-to-volume ratio. In 1972 
Whittingham and coworkers applied mathematically based cryopreservation 
protocols to mouse embryos, so leading to the first report of the birth of live 
young after storage of mouse embryos at -196°C in liquid nitrogen. The 
protocols that had been shown to work well with mouse embryos were largely 
copied for the human embryo, and in 1983 the first paper on a pregnancy from 
a cryopreserved human embryo was published by Trounson and Mohr (1983). 
Unfortunately a live birth did not ensue, and it was the Dutch group of Zeil- 
maker and colleagues (1984) who reported the first recorded live birth after 
cryopreservation of human embryos in 1983. 

It was again Whittingham (1977) who reported on the first successful 
cryoconservation of the mouse oocyte at -196°C in liquid nitrogen followed by 
the birth of live young. Based on these protocols and encouraged by the suc- 
cessful start of human embryo cryopreservation, several teams started to in- 
vestigate the cryoconservation of the human oocyte. Chen reported the first 
birth ensuing from a pregnancy obtained from a frozen oocyte in 1986. A 
second such birth was announced by the group of van Uem et al. in 1987 in 



Cryoconservation: Sperms and Oocytes 



225 



Erlangen, Germany. In the same year Chen’s team achieved a second successful 
pregnancy (Chen 1988, 1989). Another German team in Bonn (Al-Hasani et al. 
1987) achieved two more pregnancies, but these resulted in miscarriages. 
Despite the early successes oocyte cryopreservation did not find widespread 
clinical application. The reasons for this were that the efficiency of oocyte 
cryopreservation was low due to low survival rates, and that alarming reports 
questioning the genetic safety appeared in the literature. It was found that the 
degree of polyploidy increased significantly after cryopreservation of the 
mouse oocyte (Glenister et al. 1987) and of human oocytes (Al-Hasani et al. 
1987). Since then only one more pregnancy has been reported, by another 
German team (Kolodziej et al. 1991). Almost all clinical teams stopped oocyte 
cryopreservation around 1987; and only a few reserach teams continued to 
investigate the effects of cryopreservation on the oocyte before considering 
moving oocyte cryopreservation back to the clinic again. Below we report on 
the investigations that have been carried out through the years. We describe 
the different cryobiological systems for oocyte cryopreservation that were 
tested in terms of IVF and development. Further, we describe the search for the 
sites of cryopreservation damage in the oocyte. To provide an idea of the 
practice of oocyte cryopreservation and of the protocols used in the research 
conditions we give an example of two such protocols. Finally, we draw up a 
balance-sheet of oocyte freezing at the present, and conclude with some future 
prospects for oocyte freezing. First, however, we show that the need for oocyte 
cryopreservation is still pressing today. 



The Need for Oocyte Cryopreservation 
Autoconservation of Oocytes 

In the routine of assisted procreation oocyte cryopreservation can be of im- 
portance in the case of cycles where transfer of embryos to the uterus is 
counterindicated due to an increased risk for severe ovarian hyperstimulation 
syndrome, or where no sperm can be produced at the moment of pick-up. 

One of the noblest applications by far of oocyte cryopreservation comes 
from the field of oncological medicine. With the progress in screening and 
improved treatments for several types of cancers, increased survival prognosis 
and eventually total cure have become possibilities. However, cancer treatment 
by radiotherapy, often in combination with chemotherapy, puts a serious 
burden on the function of reproductive organs. It is often the case that sys- 
temic cancer treatment leads to ovary burnout, so that the frequently young 
patient loses any hope of ever becoming pregnant, at least with her genetically 
own child. Oocyte cryopreservation is therefore the only resort for young 
patients without a partner. However, one remark must be made here: the 
medical and psychological burden of ovarian stimulation before cancer treat- 
ment prevents this attitude from being widely promoted. For these patients in 
particular the pick-up of oocytes from unstimulated ovaries would be a sig- 
nificant improvement. The first steps in this direction have already been taken 
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by the team of Trounson et al. (1994), who succeeded in achieving a pregnancy 
from oocytes of unstimulated ovaries from patients with polycystic ovaries 
where ovarian stimulation treatment may lead frequently to the sometimes 
severe complication of hyperstimulation. 

Donor Oocyte Cryopreservation 

Oocyte cryopreservation would also constitute a great tool in cases of oocyte 
donation. In the current situation oocyte donation is often cumbersome, not 
only as a result of the psychological aspects involved, but also because of the 
strict endocrinological requirements of synchronization of the ovarian cycles 
of the donor and the acceptor. The preservation of the oocyte until the ap- 
propriate moment of fertilization and embryo transfer would elegantly cir- 
cumvent this now mandatory synchronization system. 



Oocyte Cryopreservation on Legal, Ethical, or Religious Indications 

It is not without interest to note that clinical oocyte cryopreservation has been 
investigated intensively by German teams. This is not an accident but rather is 
due to the fact that in Germany, as in many other countries, the cryopre- 
servation of embryos is prohibited by law or is strongly disapproved of on 
religious and ethical grounds. For countries or groups with objections to 
embryo freezing, the cryopreservation of oocytes is the only way out. From the 
above it is clear that the challenge to establish oocyte cryopreservation is still 
very prevalent. 



Cryobiological Factors Influencing Cryoeffidency 
Cell Survival 

Cryopreservation of a cell involves the cooling of this cell to a subzero tem- 
perature where all metabolic processes are arrested, followed by the return 
from this frozen condition to a physiologically active state. In other words, 
cryopreservation stops biological time. In practice, cells are stored in liquid 
nitrogen at -196°C. The real challenge associated with the survival of frozen- 
thawed cells is not to survive storage at -196°C but to avoid intracellular ice 
formation in the transition across a temperature zone between -15°C and 
-60°C where intracellular ice formation is possible (Mazur 1984). The cells 
must pass this zone twice, during freezing and during thawing. As becomes 
clear below, it is absolutely necessary to control the cooling and thawing rate in 
this zone. Another prerequisite for cell survival is the presence of cryopro- 
tective agents in the freezing medium. Evidence is accumulating for the oc- 
currence of cryoprotective agents as part of a natural defense system. The 
discovery of a cryoprotectant glycoprotein in the circulation fluid of arctic fish 
is a living example of this (Rubinsky et al. 1991). 
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Control of Cooling and Thawing Rate 

Consider a cell that is suspended in an isotonic medium. When the tempera- 
ture drops below 0°C, the medium and the cell originally remain unfrozen but 
supercooled, i.e., in a liquid state below the freezing point. Since the cell 
contains no efficient ice nucleators, ice forms first in the extracellular medium. 
Due to this extracellular ice formation the extracellular concentration of solutes 
increases. The cell responds osmotically, and water starts to leave the cell to 
restore the chemical water potential. In other words, the cell starts to dehy- 
drate, and this is the cell’s first step in the prevention of intracellular ice 
formation. All further physical events can be described in terms of the cooling 
rate. If the cycle of dehydration can be repeated often enough, i.e., if the 
cooling rate is slow enough, the cell loses all freezable water by the time the cell 
freezing point is reached. If cooling is rapid or ultrarapid, water cannot leave 
the cell fast enough to restore the osmotic equilibrium, and the equilibrium is 
restored by a sudden and fast intracellular freezing, so that intra- and extra- 
cellular solute concentrations match again. It is therefore imperative to cool a 
cell slowly. If this is done, the question is then how we should thaw this cell. 
What happens if a slowly frozen cell that is almost fully dehydrated is thawed 
rapidly? The extracellular water melts massively, and due to the large solute 
gradient with the hypertonic cell water rushes into the cell, and causes lysis of 
the cell through osmotic burst. If thawing is slow, the rehydration of the cell 
can take place gradually. Slow cooling therefore requires slow thawing. Cooling 
and thawing may not be too slow, however, since then the cellular components 
are exposed for a long time to high concentrations of salts, which may be 
harmful in terms of lipid and protein destabilization. This type of injury is 
referred to as a solution effect. 

If cooling is rapid, ice crystals are present, which is in itself a bad prognostic 
factor for cell survival. A fraction of cells can, however, be rescued by thawing 
cells very rapidly, so that the typical ice crystal aggregation tendency is 
overcome by quick melting of the ice crystals. 

In conclusion, the challenge is to find a cooling rate that is slow enough to 
prevent intracellular ice formation and fast enough to prevent solution effects 
according to the two-factor hypothesis proposed by Mazur (1984). Every cell 
type has an optimal cooling rate dictated by conditions of cell permeability and 
surface-to-volume ratio. For the oocyte, which is a large cell, the optimal 
cooling rate is below l°C/min. In practice, the control of cooling and thawing 
rates is carried out by the use of computer-controlled biological freezers. To 
make sure that the cycle of dehydration is started, the necessary triggering of 
extracellular ice formation is induced manually by touching the solution with a 
cooled tool. This is called “seeding.” 



The Addition of Cryoprotectants 

As stated above, glycerol was discovered to be a cryoprotective agent in 1949. 
Since then several other chemical substances have been found to have a 
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cryoprotective action (Ashwood-Smith 1967, 1979, 1986; Boutron and Kauf- 
mann 1979; Mazur 1970, 1984; McGann 1978). The most commonly used 
cryoprotectants besides glycerol are dimethylsulfoxide (DMSO) and 1,2-pro- 
panediol (PROH). 

Cryoprotectants are highly miscible with water and have a low molecular 
weight so that they can readily permeate the cell. Cryoprotectants are com- 
monly used in concentrations of 1-2 M and exert a prefreezing dehydrating 
effect due to the hypertonicity they bring to the freezing medium. Often, 
nonpermeating cryoprotectants such as sucrose are used to promote prefreeze 
dehydration. Furthermore, cryoprotectants cause a freezing point depression 
so that the temperature at which the cellular content freezes is lower. In ad- 
dition, they exhibit a high glass-forming tendency upon freezing. Also, at any 
time during cooling cryoprotectants reduce the absolute concentration of salts 
that remain in the unfrozen solution. We can therefore say that cryoprotectants 
confer cryoprotection by reducing the risks of intracellular ice formation and 
of solution effects. The use of cryoprotectants must be considered, however, a 
knife that cuts two ways: as well as affording cryoprotection, cryoprotectants 
can also become toxic when exposure conditions are inappropiate. 



Equilibrium and Nonequilibrium Freezing 

Equilibrium freezing refers to the above described procedures. It means that 
during the cooling and thawing phase the aim is to maintain chemical equi- 
librium between intra- and extracellular water potential. The cryoprotectants 
are used in 1-2 M concentrations and prefreeze exposure times are in the order 
of 10-20 min. Cryodamage is done either through intracellular ice formation 
or through solution effects. 

Nonequilibrium freezing is a total departure from classic freezing theories. 
It is characterized by immediate high cooling rates, by high concentrations of 
permeating cryoprotectants in combination with nonpermeating cryoprotec- 
tants and by short prefreeze exposure times of less than 5 min (Mazur 1990). 
Plunging into liquid nitrogen is done directly after the short exposure time. A 
distinction can be made between ultrarapid freezing and vitrification, which 
are both types of nonequilibrium freezing. In ultrarapid freezing, one per- 
meating cryoprotectant in combination with sucrose is used. In vitrification a 
mixture of different cryoprotective agents in combination with sucrose is used. 
The concept of vitrification (literally glass formation) was introduced as early 
as the late 1930s and 1940s (Ashwood-Smith 1986) and was rediscovered by 
Rail and Fahy in 1985. Vitrification is a process of solidification whereby an 
aqueous, viscous solution does not crystallize upon cooling but immediately 
forms a glass. Cryodamage is probably due mainly to osmotic injury and 
cryoprotectant toxicity. 
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Equilibrium Freezmg of Oocytes 

In the first successful report on mouse oocyte cryopreservation by Whitting- 
ham et al. (1977) a slow-cooling equilibrium-freezing method was used with 
1.5 M DMSO as the cryoprotectant. Oocytes were equilibrated in 1.5 M DMSO 
at 0°C and cooled slowly at a rate of less than l°C/min to -80°C followed by 
storage in liquid nitrogen and slow thawing at a rate of 8°C/min. A survival rate 
of approximately 70% was obtained and in vitro fertilizability was lower than 
for unfrozen control oocytes, but live young were obtained after transfer of 
embryos at the two-cell or blastocyst stage to pseudopregnant foster mice. In a 
randomized study on mouse oocyte cryopreservation with DMSO Trounson 
and Kirby (1989) compared protocols with prefreeze equilibration at 0°C or at 
room temperature and with slow and rapid thawing phases. They concluded 
that the best results were obtained with the addition of DMSO at 0°C and slow 
cooling-slow thawing, which is the condition closest to the original protocol 
used by Whittingham (1977). This very protocol, however, was shown to in- 
duce increased polyploidy in pronuclear- stage mouse oocytes where the 
chromosome complement of the male and female pronuclei have not yet fused 
(Glenister et al. 1987). 

The use of PROH as a cryoprotectant for mouse and other animal oocytes has 
been far less successful. Comparative studies by Siebzehnriibl (1989), Sieb- 
zehnriibl et al. (1989), Todorow et al. (1989a,b) and Van der Elst (1992) pointed 
out that the protocols with PROH were less successful in particular in terms of 
survival. Furthermore, it was demonstrated that PROH can cause parthenoge- 
netic activation of the mouse oocyte (Shaw and Trounson 1989; Van der Elst et 
al. 1992). 

The first successful report on human oocyte cryopreservation by Chen 
(1986) used a modification of the technique by Whittingham (1977). The 
prefreeze equilibration was done similarly in 1.5 M DMSO at 0°C followed by 
slow cooling, but at -32°C the oocytes were plunged into liquid nitrogen, 
followed by rapid thawing. The other reports on successful cryopreservation of 
the human oocyte all used DMSO as a cryoprotectant, but, again, different 
conditions of prefreeze equilibration and thawing were applied (Al-Hasani et 
al. 1986; van Uem et al. 1987). There is only one recent report on a human 
pregnancy from a thawed oocyte that used PROH as the cryoprotectant (Ko- 
lodziej et al. 1991). 



Nonequilibrium Freezing of Oocytes 
Ultrarapid Freezing 

Ultrarapid freezing was introduced in the field of modern reproductive biology 
by Trounson et d. (1987) for mouse embryos. The technique was revolu- 
tionary, easy to perform, and much cheaper in terms of equipment than the 
slow freezing techniques, which require a programmable biological freezer. 
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In the case of mouse oocytes, ultrarapid freezing with both DMSO and 
PROH was used by Sathananthan (1988) for an ultrastructural study. He ob- 
tained survival rates of 34% and 33% and blastocyst formation rates of 15% 
and 7% for DMSO and PROH, respectively. Surrey and Quinn (1990) reported 
a high survival rate of 61% and oocyte-to-blastocyst transition rate of 59% for 
ultrarapid freezing with 3.5 M DMSO. Van der Elst et al. (1993) used the 
protocol described by Surrey and Quinn and were also able to obtain high 
survival rates but reported increased polyploidy in pronuclear embryos and 
decreased cell numbers in blastocysts. 

Results on ultrarapid freezing of the human oocyte have been very scarce 
until now. Trounson (1986) has reported survival rates of around 50% upon 
thawing but after culture the oocytes degenerated. Feichtinger (1987) reported 
a 12% survival rate while Al-Hasani (1987) found only 1 out of 25 oocytes 
surviving. Pensis et al. (1989) engineered a protocol for optimal survival of 
human oocytes after ultrarapid freezing but fertilization was not attempted. 

Vitrification 

Nakagata (1989) reported a very high survival rate of 88% and a two-cell 
formation rate of 78% using a modification of the original vitrification solution 
of Rail and Fahy (1985). Kono et al. (1991) published comparable results. Very 
different data have been reported by Kola et al. (1988), stating that vitrification 
of mouse oocytes results in increased aneuploidy and malformed fetuses. 
Wood et al. (1991) reported very high survival rates but decreased implanta- 
tion and developmental rates. Shaw et al. (1991) reported an optimization of 
mouse oocyte vitrification by reducing the osmotically induced damage. 

Vitrification of the human oocyte was investigated by Trounson (1986), 
Feichtinger (1987) and Hunter et al. (1995). Good survival rates have been 
reported, but embryonic development seems limited. 

In conclusion, various cryobiological systems have been tried out on the 
oocyte, with both slow equilibrium freezing and rapid nonequilibrium freezing. 
Results in terms of survival and fertilization rates are very variable. Numerous 
studies on animal oocyte cryopreservation have been conducted with varying 
success, and there are some excellent reviews (Parks and Ruffing 1992; Rail 
1992; Van Blerkom 1991; Vincent and Johnson 1992). Some general conclu- 
sions can, however, be drawn: generally, fertilization rates are lower, and 
disturbances to the genetic integrity of the resulting embryos have been found. 
The next section considers studies that have tried to find the reason for the 
problems in the cryopreservation of mouse and human oocytes. 



Oocyte Structures Affected by Cryopreservation 

Whatever type of cryopreservation was used for the oocyte, whether equili- 
brium or nonequilibrium freezing, the freezing efficiency and genetic safety 
were under review. The oocyte is a highly unique structure containing the 
information for the body plan of the organism. Several research teams have 
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been investigating which type of structure(s) in the oocyte is sensitive to the 
stresses imposed by cryopreservation. Several targets have been studied: mi- 
crotubules, the zona pellucida, the fertilization machinery (parthenogenetic 
activation), and the chromosomes. 



Microtubules 

Microtubules are essential structures to intracellular architecture. Since mi- 
crotubules are highly dynamic structures, they can rapidly assemble and dis- 
assemble in response to external stimuli. The oocyte contains a highly 
structured microtubular system in the form of the meiotic spindle, which 
carries the chromosomes at the metaphase plate. The microtubules of the 
spindle are in a steady-state equilibrium with the pool of free tubulin in the 
cytoplasm. 

Cryopreservation involves cooling and exposure to cryoprotectants. Mi- 
crotubules are sensitive to cooling (depolymerization) and to chemical agents 
that interfere greatly with the water hydrogen bonds which in particular are 
also involved in building microtubules. Since microtubules are essential to the 
architecture of the oocyte as well as to normal fertilization and development 
(Maro et al. 1984), it is important to consider that damage to the microtubules 
during freezing may have an effect on further development. 

Magistrini and Szollosi (1980) demonstrated in an ultrastructural study that 
the cooling of oocytes causes depolymeriation of the spindle microtubules and 
that rewarming allowed repolymerization and reformation of spindle struc- 
tures. This depolymerizing effect was confirmed and detailed further on whole 
oocyte mounts both by immunofluorescence by the Cambridge group (Pick- 
ering and Johnson 1987) and by immunogold cytochemistry by the Brussels 
group (Van der Elst et al. 1988). After recuperation from cooling most of the 
depolymerization was restored, but in some oocytes there was chromosome 
dispersal. Oocytes can thus recover from cooling, but the longer the exposure, 
the lower the chance of full restoration becomes. The human oocyte seems 
more sensitive to cooling and the degree of reversibility is less than in the 
mouse oocyte (Pickering et al. 1990). Bernard et al. (1992) demonstrated that 
human oocytes cooled to 0°C and returned to culture conditions were capable 
of subsequent development. 

The effects of exposing oocytes to cryoprotecants have been studied by 
different groups. The Cambridge group (Johnson and Pickering 1987) and the 
Brussels group (Van der Elst et al. 1988) showed that for the combination of 
cooling and exposure to DMSO the depolymerizing effect of cooling can be 
counteracted to a certain extent (for mouse oocytes) if the exposure time is not 
too long. The best results in terms of spindle repolymerization and chromo- 
somal scattering were obtained for exposure of mouse oocytes to DMSO at 4°C 
(Johnson and Pickering 1987; Vincent and Johnson 1992). 

A totally different picture was described by Van der Elst et al. (1988) for 
exposure of mouse oocytes to PROH. Although initially a protective effect from 
PROH on spindle depolymerization by temperature lowering was found, a 
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substantial difference between the effect of DMSO and that of PROH became 
evident as regards the dilution of the cryoprotectant from the oocytes. While 
for DMSO a restoration of spindle morphology was seen in the majority of 
oocytes, PROH caused the disappearance of the spindle after dilution and 
recovery. A parthenogenetic activation of the mouse oocyte by PROH was 
hypothesized on the basis of these results. For the human oocyte this effect was 
not found (Bernard et al. 1985; Joly et al. 1992; Gook et al. 1993). 

The effect of ultrarapid freezing on the spindle was also investigated by 
Aigner et al. 1992, who showed that ultrarapid freezing with DMSO preserves 
spindle morphology even better than slow freezing. 

In conclusion, it can be said that cooling and cryoprotectants affect the 
organization of the microtubular system of the oocyte, and that the normal 
condition can be restored. With this knowledge it seems possible to design 
optimal conditions of exposure (George and Johnson 1993). 

Zona Pellucida 

The zona pellucida is a very characteristic integument of the oocyte and is of 
primordial importance in the sperm’s interaction with the oocyte (Wassarman 
1990) and in the prevention of polyspermy by means of the zona reaction. After 
the penetration of one sperm in the oocyte the zona reaction leads to the 
content of the oocyte’s submembraneous cortical granules being released to 
alter the glycoproteins of the zona coat, so causing zona hardening. 

It has been demonstrated that both cooling (Johnson et al. 1988) and ex- 
posure to DMSO (Johnson 1989) can cause premature zona hardening and 
reduced fertilization in mouse oocytes (Johnson 1989; Vincent et al. 1990) and 
human oocytes (Pickering et al. 1991). Again, the best conditions with the least 
effect on the zona involved exposure to DMSO at 4°C for the mouse oocyte 
(Johnson 1989; George and Johnson 1993) as well as for the human oocyte 
(Bernard et al. 1992; Hunter et al. 1991). The use of fetal bovine serum in the 
freezing medium also seems to be beneficial in preventing premature zona 
reaction (Carroll et al. 1993; Vincent and Johnson 1992). 

Chromosomes 

Since the cytoskeletal integrity of the oocyte can be altered by cryopreserva- 
tion, and since the chromosomes in particular are carried by the spindle 
consisting of microtubules, the induction of genetic abnormalities by cryo- 
preservation is a major concern. 

It was demonstrated by Glenister et al. (1987) that slow freezing of mouse 
oocytes with DMSO induces increased polyploidy in the first-cleavage embryos. 
A more recent report by Bouquet et al. (1992) has confirmed this finding. The 
increased polyploidy seemed to constitute triploidy of the digynic type caused 
by retention of the second polar body (Carroll et al. 1989; Bouquet et al. 1992). 
For ultrarapid freezing of mouse oocytes it was demonstrated by Van der Elst 
et al. (1993) that, as for slow freezing, increased polyploidy occurs in the first- 



Cryoconservation: Sperms and Oocytes 



233 



cleavage embryos. The most important finding from these studies is, however, 
that there is no increase in the frequency of aneuploidy. Only Kola et al. (1988) 
have reported a threefold increase in the degree of aneuploidy after vitrification 
of the mouse oocyte. 

For the human oocyte the data are scarce. The birth of healthy children, 
however few, indicates that normal fertilization and normal human develop- 
ment without chromosomal abnormalities are possible after freezing of the 
human oocyte. Recently Van Blerkom and Davies (1994) reported that there is 
no increase in the frequency of aneuploidy in cryopreserved mature human 
oocytes. Moreover, Gook et al. (1994) reported that after cryopreservation of 
the human oocyte with PROH there are no abnormal karyotypes in pronuclear 
embryos. 



Parthenogenetic Activation 

Since the cytoskeleton is involved in the steps of fertilization, it was useful to 
consider the effect of cryopreservation on the possible precocious activation of 
the fertilization machinery. It was indeed shown by Shaw and Trounson (1989) 
and by Van der Elst et al. (1992) that PROH can cause activation of the mouse 
oocyte, but that the degree of activation can be controlled by lowering the 
temperature and time of exposure for concentrations of up to 1.5 M. For 
DMSO no parthenogenetic activating activity has been demonstrated (Shaw 
and Trounson 1989). 

For the human oocyte no increased frequency of activation has been de- 
monstrated after freezing with DMSO (Hunter et al. 1991), after vitrification 
(Hunter et al. 1992, 1995; Pensis et al. 1989), or after freezing with PROH (Gook 
et al. 1994). 

Practical Aspects 

To give an idea of the practice of oocyte cryopreservation we now detail two 
protocols, one for slow freezing and the other for ultrarapid freezing of mouse 
oocytes with DMSO. 

Slow Freezing of Mature Oocytes with DMSO 
Media: 

- Oocyte collection medium: HEPES-buffered Earle’s medium (Hogan et al. 
1986) supplemented with 0.5% bovine serum albumin (BSA) fraction V 

- Freezing medium: HEPES-buffered Earle’s medium supplemented with 0.5% 
crystalline BSA and 1.5 M DMSO 

- Thawing medium: HEPES-buffered Earle’s medium supplemented with 0.5% 
crystalline BSA 
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Prefreeze cryoprotectant equilibration: 

- Equilibrate oocyte cumuli in groups of 3-5 for 10 min in 2.5 ml of collection 
medium precooled at 0°C. 

- Transfer the cumuli in a minimal volume of medium to 2.5 ml of freezing 
medium precooled at 0°C and equilibrate for 15 min. 

- Load straws (Industrie de Medecine Veterinaire, IMV, TAigle, France) as 
follows in the meantime: 100 fil freezing medium near the cotton plug end, a 
100 fil air bubble, 100 fA freezing medium in the middle section to contain 
the oocytes, a 100-/il air bubble, and 100 fil freezing medium at the end to be 
plugged. Keep the straws cooled on crushed ice. 

Cooling and storage: 

- Transfer the cumuli in a minimal volume of medium to the middle section 
of a cooled straw with the aid of a finely-drawn pipette. Straws are plugged 
with polyvinyl alcohol powder (IMV). Bring the straws, still on crushed ice, 
to the programmable freezer preset at 0°C. 

- Cooling rate: at -2°C/min to -6°C. 

- Manual seeding by touching the end of the middle section with a liquid 
nitrogen-cooled pincer and observe whitening of the medium. 

- Hold for 1 min at -6°C. 

- Cool at -0.3°C/min to -80°C. 

- Transfer the straws to liquid nitrogen. 

Thawing: 

- Remove straws from liquid nitrogen, transport them in a small container 
with liquid nitrogen and transfer them quickly to the programmable freezer 
preset at -80°C. 

- Holding at -80°C for 15 min. 

- Warming at 10°C/min to -20°C. 

- Holding at -20°C for 15 min. 

- Warming at 10°C/min to 0°C. 

- Remove the straws from the freezer while keeping them on crushed ice. 

- Allow the straws to equilibrate to ambient temperature on the bench of a 
laminar flow (22°C). 

Cryoprotectant removal: 

- Expel the thawed content of a straw in 2.5 ml of thawing medium. 

- Equilibrate for 15 min at ambient temperature. 

- Rinse two times in collection medium. 

- Transfer cumuli to droplets of 100 fil of culture medium Earle’s medium 
(Hogan et al. 1986) with 0.5% crystalline BSA at 37°C for 1 h of postthaw 
recuperation before insemination. 
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Ultrarapid Freezing of Mature Oocytes with DMSO 
Media: 

- Oocyte collection medium: HEPES -buffered Earle’s medium supplemented 
with 0.5% BSA fraction V 

- Prefreeze media: 

- HEPES-buffered Earle’s medium supplemented with 20% bovine calf 
serum (BCS) and 0.25 M sucrose 

- HEPES-buffered Earle’s medium supplemented with 20% BCS and 0.50 M 
sucrose 

- Freezing medium: HEPES-buffered Earle’s medium supplemented with 20% 
BCS, 0.50 M sucrose and 3.5 M DMSO 

- Thawing media: 

- HEPES-buffered Earle’s medium supplemented with 20% BCS and 0.25 M 
sucrose 

- HEPES-buffered Earle’s medium supplemented with 20% BCS and 0.50 M 
sucrose. 

Cooling and storage: 

- Remove cumulus with 0.1% (w/v) hyaluronidase and rinse cumulus-free 
oocytes three times in 2.5 ml of collection medium. 

- Predehydrate oocytes in serial concentrations of sucrose: 0.25 M and 0.50 M 
in HEPES-buffered Earle’s medium with 20% BCS for 5 min each at ambient 
temperature. 

- Add the oocytes to droplets (250 jul) of freezing medium. 

- Load the straws as described above and transfer the oocytes to the middle 
section. Leave the straws horizontally on the bench at ambient temperature. 

- After a total of 2.5 min of contact between the oocytes and the freezing 
medium, straws are plunged immediately into liquid nitrogen. 

Thawing: 

- Agitate straws in a water bath at 37°C for 5-6 s. 

Cryoprotectant removal: 

- Expel the thawed content of a straw into a 35 mm petri dish containing 
2.5 ml of thawing medium with 0.5 M sucrose and equilibrate for 5 min. 

- Transfer the oocytes to 2.5 ml of thawing medium with 0.25 M sucrose for 
5 min. 

- Remove sucrose by rinsing twice in 2.5 ml of HEPES-buffered Earle’s 
medium with 0.5% BSA for 5 min. 

- Transfer the surviving oocytes to 100 jul droplets of Earle’s medium with 
0.5% crystalline BSA at 37°C for 1 h of recuperation before insemination. 
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Future Prospects 

As the numerous research reports listed above make clear, the oocyte has not 
been forgotten, although clinical application is not yet ready. We can only 
applaud the fact that the investigation of possible damage to the oocyte should 
be given this much attention in current reproductive research projects. 

The most recent development in the field of oocyte cryopreservation com- 
bines progress in cryopreservation protocols with a revolutionary technique of 
oocyte fertilization, intracytoplasmic sperm injection (ICSI). The ICSI techni- 
que is fully dealt with by Van Steirteghem et al. (this volume). Prof. Van 
Steirteghem being the scientific director of the Brussels group who established 
the clinical technique of ICSI. 

A very recent report by Cook et al. (1995) states that for human oocytes 
cryopreserved with PROH the development up to day 3 was improved fol- 
lowing ICSI compared to IVF, so that even the hatching blastocyst stage was 
reached in some embryos. Another recent report by Kazem et al. (1995) con- 
firms that fertilization and cleavage rates can be enhanced significantly by 
using ICSI. 

In the Brussels group, too, the cryopreservation of the human oocyte has 
attracted new interest. Van der Elst et al. (1995) reported that cryopreservation 
of in vitro matured human oocytes with DMSO followed by ICSI can lead to 
embryo development up to the third cleavage. 

From this chapter it can be concluded that many efforts are currently being 
directed towards the cryopreservation of the human oocyte. It seems possible 
to design conditions for cryopreservation that allow development in vitro. We 
think that we must be optimistic and devote further energy in research to 
human oocyte cryopreservaton, but, on the other hand, we must be certainly 
not bring oocyte cryopreservation back into the clinic before full proof of 
genetic safety has been obtained. 



Cryoconservation of Sperm 

Historical Background 

More than two centuries ago, in 1776, Spallanzani was the first to report the 
maintenance of motility of human spermatozoa after exposure to low tem- 
peratures. Mantagazza in 1866 suggested sperm banks for frozen human 
sperm. In 1949 Polge and colleagues discovered the effectiveness of glycerol as 
a cryoprotective agent for fowl spermatozoa. In the following period more 
attention was paid to sperm cryopreservation of farm animals. Freezing of 
human spermatozoa was reported shortly afterwards by Sherman (1953), ob- 
serving that human spermatozoa, after freezing on dry ice, were able when 
thawed to fertilize and to produce normal embryonic development and off- 
spring. The first birth after freezing human spermatozoa with glycerol in liquid 
nitrogen vapor was described by the same group (Perloff et al. 1964). 



Cryoconservation: Sperms and Oocytes 



237 



The development of human sperm cryobanks in the 1970s gave rise to a 
growing need for standardization. Especially in the United States commercial 
and university sperm banks were established to permit later fertilization after 
vasectomy. The first association of human sperm banks was set up in France, 
the Center d’Etude et de Conservation du Sperme, in 1973, followed by the 
creation of the American Association of Tissue Banks in 1976, which also 
covered cryopreservation of gametes. The growing use of cryopreserved hu- 
man semen led to the First International Meeting on Human Semen Cryo- 
preservation, held in Paris in 1978. 



The Need for Sperm Cryopreservation 

Frozen human sperm can be divided into two categories, i.e., semen for au- 
toconservation and donor semen. There are various reasons for auto- 
conservation, in both short-term and long-term storage of sperm. 



Autoconservation 

Long-term cryopreservation of sperm is designed to ensure later fertility in 
men who are to undergo: (a) radio- or chemotherapy which might lead to 
sterility or (b) surgical sterilization by vasectomy. Short-term storage of sperm 
can be useful in cases of: stress with regard to collection of semen on demand 
on the day of intrauterine insemination (lUI), IVF, or ICSI, (b) absent husband 
during the wife’s treatment, and (c) large variations in individual sperm 
quality. More recently, surgically obtained spermatozoa too have been used for 
assisted fertilization (ICSI; Tournaye et al. 1994). Supernumerary epididymal 
(or testicular) spermatozoa may be frozen in order to avoid repeated surgery in 
following treatment cycles (Nagy et al. 1995). 



Donor Sperm Conservation 

Freezing and storage of donor semen for a quarantine period of at least 6 
months allows repeated testing of the donors for acquired immune deficiency 
syndrome, hepatitis B, and other sexually transmitted diseases and in this way 
avoids the risk of infecting the recipient. Another important advantage of 
frozen sperm is the ready availability of different donor genotypes and phe- 
notypes, so as to match as closely as possible the infertile male partner. 



Cryobiological Factors Influencing Cryoefficiency 

Various factors affect the success of cryopreservation of human spermatozoa. 
“Motility” is generally considered the primary parameter to evaluate freeze- 
thawing efficiency, although it is not the only parameter that is correlated with 
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postthaw functionality in general and, more specifically, with the fertilizing 
ability of frozen spermatozoa. Percentage recovery of motility (PR) is defined as 
the final postthaw percentage motility x 100/initial fresh percentage motility. 



The Cryoprotectant and Cryomedia 

When human spermatozoa are frozen without the addition of a cryoprotectant, 
survival is less than 15% (Lucena and Obando 1986). Important functions of 
the cryoprotectant are to depress the freezing point, reduce the electrolyte 
concentration, and maintain the pH. The commonly used cryoprotectant for 
human sperm is glycerol, first described by Polge and colleagues in 1949, and 
found to be used ideally in a final concentration of 5% to 10%, giving minimal 
toxicity and maximal cryoprotection (Sherman 1973). 

DMSO is not recommended in the cryopreservation of human semen be- 
cause of its higher toxicity before freezing and after thawing in terms of mo- 
tility (Sherman et al. 1964) as compared to glycerol (Serafini and Marrs 1986; 
Serafini et al. 1986), while PROH has no application in sperm cryopreservation. 

A higher cryosurvival can be obtained by adding various components, called 
extenders, to the cryoprotective agent glycerol. The precise mechanism by 
which these compounds protect the spermatozoa during the freezing and 
thawing process is not fully understood. Some of their functions are (a) to 
optimize osmotic pressure and pH, (b) to provide an energy source, (c) to 
prevent bacterial contamination, and (d) to stabilize the cell membrane. 

Several complex cryobuffers are described and compared in the literature. 
One of the common components is egg yolk, which protects the sperm 
membrane against freezing damage by increasing its fluidity. The most widely 
used media are: 

- Glycerol, egg yolk, citrate medium (GEYC), buffered by citrate and glycine 
(Behrman et al. 1969) 

- TES, Tris, egg yolk buffer with (TESTCY) or without citrate (TYB), buffered 
by the zwitterionic buffers TES and Tris (Jeyendran et al. 1984) 

- Human sperm preservation medium (HSPM), buffered by HEPES (Maha- 
devan and Trounson 1983) 

A comparative study of eight buffer systems with (6%-16%) and without 
glycerol in the freezing of spermatozoa revealed the highest postthaw recovery 
of motility ( > 80%) from the use of the TESTCY buffer containing glycerol, 
while eliminating glycerol reduced the recovery rate to only 20% (Prins and 
Weidel 1986). 



The Freezing Method 

The standard liquid-nitrogen vapor technique was introduced by Sherman in 
1954 and is still widely employed around the world. Straws are horizontally 
placed at about 15 cm above the liquid nitrogen surface for 50 min and after- 
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wards plunged into liquid nitrogen (-196°C). Modifications of the static fast 
vapor freezing method were introduced later. According to the size of the 
straws, one- or two-step cooling is preferred. Straws of 250 fil are placed 25 cm 
above the liquid level for 25 min, while straws of 500 /A straws are preferably 
placed at 35 cm for 15 min and at 15 cm for another 15 min (Mortimer 1994). 

Controlled-rate freezing of sperm gained popularity with increased equip- 
ment availability in the 1980s. The optimal sperm cooling rate (cool- 
ing=decrease in temperature from room temperature to +5°C) was found to be 
-0.5 to -l°C/min and the optimal freezing rate (freezing=decrease in tem- 
perature from +5°C to -30°C) -10°C/min (Mahadevan and Trounson 1984). 
Although programmed freezing is essential for embryo cryopreservation, there 
is still controversy in the literature about its beneficial effect on human sper- 
matozoa. While some investigators found computer-controlled freezing to 
preserve sperm motility and vitality better than vapor freezing (Serafini and 
Marrs 1986; McLaughlin et al. 1990), especially when lower-quality sperm is 
involved (Ragni et al. 1990), others were unable to prove its advantage 
(Thachill and Jewett 1981; Wolf and Patton 1989; Verheyen et al. 1993) and 
therefore advocated vapor freezing, taking into account differences in costs, 
time of execution, and practical implications. 



The Thawing Procedure 

Sperm thawing at room temperature or at 37°C preserves motility, vitality 
(Taylor et al. 1982; Mahadevan and Trounson 1984) and fertilizing ability 
(Cohen et al. 1981) better than slower thawing in ice baths or faster thawing in 
warm-water baths. According to others, the optimal thawing or warming rate is 
dependent on the cooling rate, slow cooling requiring slow thawing, or vice 
versa (Gao et al. 1992; Henry et al. 1993; Verheyen et al. 1993). 



Prefreeze Addition and Postthaw Washing Procedures 

While the addition of glycerol is indispensable for cryosurvival of spermatozoa, 
sperm cells are subjected to hyperosmotic stress when exposed to the cryo- 
protectant due to its high osmolarity. To minimize osmotic injury and prevent 
severe dehydration the cryoprotectant solution should be added dropwise or 
by multistep addition (McLaughlin et al. 1990; Gao et al. 1992). Spermatozoa 
show a very high permeability to glycerol, which is temperature-dependent. An 
osmotic equilibrium is obtained within a few minutes at room temperature or 
at 37°C, while equilibration is delayed at lower temperatures. Gao and col- 
leagues (1993) described an increased spermolysis when glycerol is added at 
0°C or 8°C. On the other hand, prolonged exposure of spermatozoa to glycerol 
can cause chemical toxicity to the sperm cells, which is more pronounced at 
higher temperatures. To find the optimal balance between minimizing hyper- 
osmotic injury and reducing the potential chemical toxicity of glycerol further 
investigation is needed (Gao et al. 1992). 
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The chemical toxicity of glycerol requires its removal after thawing, before 
the sperm can be used with safety in an lUI, IVF, or ICSI program. Sperma- 
tozoa must be returned to isotonic conditions by dilution with isotonic media. 
To prevent severe hypo-osmotic stress dilution should again be carried out 
dropwise or by multistep addition. Only little information on the detrimental 
effects from postthawing dilution on sperm quality is available ( Graczykowski 
and Siegel 1991; Gao et al. 1993; Verheyen et al. 1993). In a previous study we 
described a 50% loss in progressive motility from freezing and thawing, which 
was in turn reduced by another 50% by dilution and washing of the sperm 
(Verheyen et al. 1993). A comparable decrease was observed for light-micro- 
scopical morphology parameters, where additional impairment was especially 
manifested by increased bending and curling of the tail (Gao et al. 1993; 
Verheyen et al. 1993). 



Sperm Functions Affected by Cryopreservation 

Freezing and thawing of human spermatozoa is undoubtedly associated with a 
decrease in sperm quality. The most intensively studied adverse effects are 
severe impairment of sperm motility, viability, and morphology. Influences on 
ultrastructural morphology, fertilizing capacity, chromosomd abnormalities, 
and pregnancy rate have also been described. 



Sperm Motility 

Although motility is not completely related to fertilizing capacity, it is generally 
accepted to be a sensitive parameter by which to evaluate freeze-thawing 
success (Cross and Hanks 1991). 

A wide individual variability in PR after freezing and thawing is reported, 
ranging from 10% to 95% (Serres et al. 1980). In most papers a mean PR of 
40%-60% immediately after thawing was observed when using an appropriate 
cryoprotective medium. As previously described, this percentage is further 
decreased after preparation of the sperm for lUI, IVF, or ICSI (Verheyen et al. 
1993). According to Serres et al. (1980), two-thirds of the postthaw decrease in 
motility is due to cryoaggression and one-third to hyperosmotic stress induced 
by glycerol addition. As reported by the same group, an inverse relationship 
exists between the initial concentration of spermatozoa in the fresh ejaculate 
and the PR, as well as between the initial percentage motility or normal 
morphology and the PR (David and Czyglik 1977). 



Sperm Morphology 

Cryopreservation of sperm significantly reduces the percentage of spermatozoa 
with normal morphology. Light-microscopic analysis has clearly shown an 
increase in bent and coiled tails (Mahadevan and Trounson 1984; Gao et al. 
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1993; Verheyen et al. 1993 ). As early as 1971 Pedersen and Lebech described 
severe impairment of sperm in terms of ultrastructural morphology. Several 
investigators have confirmed this damage at the level of the membranes and 
acrosomes after freezing (Mahadevan and Trounson 1984; Cross and Hanks 
1991; Henry et al. 1993). Mahadevan and Trounson (1984) reported postthaw 
recoveries of spermatozoa with intact membranes and with intact acrosomes of 
only 27.7% and 40.8%, respectively, while the average motility recovery for the 
same group of donors was 69.2%. These results indicate that morphological 
damage is even more pronounced than the impairment of motility. Sperma- 
tozoa, however, which showed mechanically intact acrosomes after thawing, 
maintained their acrosomal function (McLaughlin et al. 1993). 



Sperm Chromosomal Constitution and Chromatin Structure 

Cytogenetic analysis after fusion of hamster oocytes with human sperm did not 
reveal any difference in type or frequency of chromosomal abnormalities be- 
tween fresh and frozen sperm (Chernos and Martin 1989). However, over- 
condensation of sperm chromatin after freezing and thawing has been raised as 
a hypothesis by other investigators (Hamamah et al. 1993). 



Sperm Fertilizing Capacity and Pregnancy Rate 

In comparing fertilizing ability of fresh and frozen-thawed spermatozoa, the 
literature does not provide well-controlled studies. Reliable results can be 
obtained only when alternating oocytes of one patient collected in an IVF cycle 
are inseminated either with fresh or with frozen-thawed sperm from the same 
donor or the husband. The use, however, of fresh donor sperm is unjustified 
because of the risk of transmitting severe diseases (HIV, hepatitis B and other 
sexually transmitted diseases). 

The few properly controlled studies on the fertilizing ability of fresh, as 
compared with frozen-thawed, spermatozoa have been carried out in vitro by 
means of the zona-free hamster oocyte penetration test. While one group de- 
scribed an individual variability in the postthaw maintenance of fertilizing 
capacity, with a mean fertilization rate decreasing from 75% with fresh to 51% 
with frozen sperm (Cohen et al. 1981), others found no difference for nor- 
mozoospermic samples, but a decreased fertilizing ability for oligozoospermic 
samples after freezing and thawing (Yoshida et al. 1990). In vivo studies carried 
out in the 1980s, when fresh donor insemination was still in general use, 
compared the fertilizing ability of sperm from different donors, either fresh or 
frozen, in different recipients and separate cycles, and therefore lack any clear 
and reliable control. Others even compared the efficiency of fresh husband 
with frozen donor sperm in different cycles and patients. In any case, the 
conclusions are contradictory in that some groups found no differences be- 
tween fresh and frozen sperm as regards fertilization rate (Mahadevan and 
Trounson 1983; Cohen et al. 1985) while others observed impaired fertilizing 
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capacity with frozen-thawed sperm (Englert et al. 1989; Morroll et al. 1990; 
Yavetz et al. 1991). 

It is, however, remarkable that the investigators unanimously found similar 
pregnancy rates after replacement of embryos derived from insemination with 
either fresh or frozen sperm. This has led to the hypothesis that freezing and 
thawing acts more aggressively on a subpopulation of weaker, probably in- 
fertile spermatozoa (Englert et al. 1989), and to the conclusion that frozen 
sperm can be used without compromising pregnancy chances. 



Practical Aspects 

Composition of Cryoprotective Media 

Formulations for 100 ml of commonly used cryoprotective media to be added 
to the sperm in a 1:1 dilution are summarized below (Mortimer 1994): 
Glycerol-egg yolk-citrate buffer (GEC): 

- 20 ml egg yolk (Bacto Egg-Yolk Enrichment, Difco., cat. no. 3347-72) 

- 15 ml glycerol 

- 1.3 g glucose 

- 1.15 g sodium citrate 

- 65 ml milli-Q water 

- (Heat-inactivate at 56°C for 30 min) 

- (Add after cooling to room temperature) 

- 1 g glycine 

- 100 000 lU penicillin 

- 0.1 g streptomycin 

- (Adjust the pH to 7.2) 

TES-tris-egg Yolk buffer (TYB): 

- 3.46 g TES 

- 0.822 g Tris 

- 0.16 g dextrose 

- 20 ml heat-inactivated fresh egg yolk 

- 15 ml glycerol 

- 65 ml milli-Q water 

- 100 000 lU penicillin 

- 0.1 g streptomycin 

- (Centrifuge at 1000 g for 10 min and discard the pellet) 

- (Adjust the pH to 7.35-7.45 with Tris and the osmolarity to 290-320 mOsm) 

Human sperm preservation medium (HSPM): 

- 0.58 g NaCl 

- 0.04 gKCl 

- 2.721 mM CaCl2.2H20 

- 0.492 mM MgCl2.6H20 
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- 12.856 mM Na-lactate 

- 0.321 mM NaH 2 P 04 . 2 H 20 

- 0.26 g NaHCOa 

- 0.477 g HEPES free acid 

- 1.718 g sucrose 

- 1 g glycine 

- 0.1 g glucose 

- 15 ml glycerol 

- 0.49 g human serum albumin 

- 0.005 g kanamycin sulfate or other antibiotics 

- (Make up to 100 ml with milli-Q water) 

After preparation, the medium is divided into aliquots of 5 ml in sterile 
tubes and stored frozen at -20°C until needed. Thawing is carried out at room 
temperature or at 37°C. 

TESTCY medium can also be purchased commercially from Irvine Scientific 
(Santa Ana, Calif., USA, cat. no. 9971). 



Addition of the Cryoprotectant Medium and Loading of Straws 

Semen is produced in a sterile container by masturbation. After liquefaction 
the volume of the ejaculate is measured with a disposable pipette or a syringe. 
Basic semen analysis is carried out and the results are recorded. Semen is 
diluted 1:1 (v/v) with the cryoprotectant medium, which is added dropwise, 
(over 10 min) to minimize hyperosmotic stress, while continuously shaking 
the container. The mixture is placed in a thermostatic waterbath at 37°C for 
10 min for equilibration. 

Straws are most widely used to store human sperm. The sperm-medium 
mixture is transferred in a plastic bubbler dish provided with a comb (IMV, 
cat. no. GC 000 and GC 001). The diluted semen is drawn into straws using a 
peristaltic pump. Straws, sealed at one end by a cotton plug, are provided in 20 
colors and two different volumes of 250 and 500 pi (IMV, cat. no. AlOl to A120 
for 500 pi straws and cat. no. A201-A220 for 250 pi straws). After aspiration 
each straw is placed on the comb to create an air bubble. This air space is 
important to avoid explosion of the straw after thawing. After removing the 
straws from the comb they are sealed by dipping in polyvinyl alcohol powder, 
available in eight colors (IMV, cat. no. A501-A508). The powder-sealed ends of 
the straws are immersed in water, which polymerizes the powder. Excess 
powder and water are wiped off using paper tissue. Finally, the air bubble is 
moved to the center of the straw. Straws are marked individually with the 
donor number and date or with the name of the patient. 



Cooling and Freezing of Sperm 

Sperm can be cooled and frozen either by the static vapor method, or by the 
computer-controlled method. Vapor freezing is most widely applied for rea- 
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sons of low cost, for practical considerations, convenience, and similar effec- 
tiveness as programmed freezing. 

Vapor Freezing 

The straws are placed horizontally as a single layer in a copper mesh tray, 
which is placed in an aluminium mesh basket at a level of 35 cm (14 in.) above 
the liquid-nitrogen surface and left for 15 min. The basket is then moved down 
to a level of 15 cm (6 in.) above the liquid surface and left for another 15 min. 
Finally, the straws are immersed in liquid nitrogen (-196°C). For storage, 
straws of one ejaculate are collected in a visotube (IMV, cat. no. PA005 and 
PA006), which is marked with the name of the donor and the date of semen 
production or with the identification data (name, file number, date) of the 
patient. More details concerning this procedure and the organization of the 
sperm bank are described by Mortimer (1994). 

Computer-Controlled Freezing 

The procedure to prepare the semen sample for freezing is the same as the 
preparation for vapor freezing. Several biological freezers are available and 
different programs for sperm freezing are described in the literature. A cur- 
rently applied program is composed of the following steps: 

1. -l°C/min from room temperature to +5°C 

2. -10°C/min from -H5°C to -80°C 

3. -25°C/min from -80°C to -130°C 

4. Hold for 1 h at -130°C 

During this period straws are removed from the freezer and immediately 
immersed in liquid nitrogen. 

The storage of the straws in visotubes is the same as for vapor freezing. 



Thawing of Sperm 

According to the freezing procedure, straws are either thawed at 37°C for 
10 min (vapor freezing) or at room temperature for 10 min (programmed 
freezing). After analysis the sperm is either immediately introduced in- 
tracervically, or immediately prepared for lUI, IVF, or ICSI. 



Future Prospects 

Although many investigations have been carried out to understand the fun- 
damentals of sperm freezing and the processes causing sperm damage, 
cryoefficiency is still limited. Further research on and understanding of the 
osmotic tolerance of human spermatozoa and the potential chemical toxicity of 
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glycerol to the cells in terms of time, temperature, and glycerol concentration 
can lead to improved cryoefficiency of human spermatozoa (Gao et al. 1992 ). 

While ejaculated and epididymal spermatozoa are routinely frozen for 
reasons of convenience or to ensure later fertility, freezing of testicular sperm 
is still experimental. Since a high concentration of other cell types are involved, 
testicular sperm probably requires a different preparation method before 
freezing, and/or a different freezing protocol. The fact that sperm cells derived 
immediately from the testis are not fully mature makes them probably more 
susceptible to the cryoaggression and glycerol toxicity. 
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Introduction 

The short report by Steptoe and Edwards Lancet in 1978 entitled “Birth after 
the reimplantation of a human embryo” marked the culmination of a long 
development in the field of reproductive medicine and the beginning of in vitro 
fertilization (IVF) as a routine method of infertility treatment (Table 1). IVF 
means the fertilization of an oocyte with sperm outside the body. IVF treat- 
ment involves the collection of mature oocytes, their fertilization and culti- 
vation as embryos, and their subsequent transfer into the uterus (Fig. 1). 

Some recommendations made in this chapter are based on the following: 
Acosta et al. (1990), Beier and Lindner (1983), Bettendorf and Breckwoldt 
(1989), Wood and Trounson (1989), Edwards and Livingstone (1990), Edwards 
and Brody (1995), Fishel (1986), Fischl (1995), Hinrichsen (1990), Jones et al. 
(1986), Ludwig and Tauber (1978), Krebs and Al-Hasani (1984), Rabe and 
Runnebaum (1994), Schill and Bollmann (1986), Veeck (1987, 1991), WHO 
Technical Report Series (1992), and the WHO Laborhandbuch zur Beurteilung 
des menschlichen Ejakulates und der Spermien-Zervikalschleim-Interaktion 
(1993). 

Follicular Aspiration 

For in vitro fertilization follicles were initially aspirated by the laparoscopic 
route, normally under general anesthesia. Since several aspirations are often 
necessary to achieve pregnancy, puncturing methods have been developed 
which reduce the strain on the patient. The first ultrasound-guided follicular 
aspirations were performed in the early 1980s. Transvesical, transurethral, and 
transvaginal methods initially involved placing the transducer on the lower 
abdomen and visualizing the organs of the small pelvis through the full 
bladder, serving as a sound window. These techniques required considerable 
experience on the part of the physician performing the aspiration. The medical 
profession was reluctant to apply them routinely, and they are now considered 
obsolete. 

The introduction of vaginal transducers made it possible to perform 
transvaginal follicular aspiration under ultrasound guidance, which increased 
the acceptance of ultrasound-guidance follicular aspiration considerably. Even 
under adverse conditions (e.g., obesity), the ovaries can normally be visualized 
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Table 1. Historical development of new techniques in reproductive medicine 



Year Technique 



Author 



1878 

1890 

1909 

1944 

1970 

1973 

1976 

1978 

1980 

1981 



1983 
1982 

1984 



1985 



1986 



1987 



1988 

1989 

1990 
1992 



IVF of rabbit and guinea pig oocytes 
First heterologous transfer of mammalian embryos 
Human pregnancy with donar semen 
IVF of a human oocyte 
Laparoscopic oocyte harvest 
Transient B-hCG rise after transfer of IVF embryos 
Extrauterine pregnancy after IVF 
Birth after reimplantation of a human embryo 
IVF-ET: term pregnancy after unexplained infertility 
IVF-ET pregnancy after stimulation with clomiphene 
citrate 

Laparoscopic oocyte collection under ultrasound control 
IVF-ET treatment in patient with endometriosis 
Birth after gamete transfer (oocyte/sperm) into the uterus 
Intrauterine insemination with prepared sperm 
Pregnancy in a woman with premature ovarian 
insufficiency after transfer of an IVF donar embryo 
IVF-ET treatment for male infertility 
Gamete intrafallopian transfer by laparascopy 
IVF-ET treatment in cases of pathological cervical factor 
Vaginal follicular aspiration under vaginal ultrasound 
control 

Pregnancy after cryopreservation of human oocytes 
Direct intraperitoneal insemination 
Pregnancy after translaparoscopic zygote 
intrafallopian transfer 

Pregnancy after pronuclear-stage tubal transfer 
Embryo transfer after tubal catheterization through the 
vagina 

Pregnancy after insemination under the zona pellucida 

Assisted hatching 

Cocultures 

Intracytoplasmic sperm injection (ICSI) 



Schenk (1880) 

Heape (1980) 

Hard (1909) 

Rock and Menkin (1944) 
Steptoe and Edwards (1970) 
de Kretser et al. (1973) 
Steptoe and Edwards (1976) 
Steptoe and Edwards (1978) 
Lopata et al. (1980) 
Trounson et d. (1981) 

Lenz et al. (1981) 
Mahadevan et al. (1983) 
Craft et al. (1982) 

Kerin et al. (1984) 

Lutjen et al. (1984) 

Yovich et al. (1984) 

Asch et al. (1985) 

Hewett et al. (1985) 
Wikland et al. (1985) 

Chen (1986) 

Forrler et al. (1986) 
Devroey et al. (1986) 

Yovich et al. (1987) 

Jansen and Anderson 
(1987) 

Ng et al. (1988) 

Cohen (1991) 

Bongso et al. (1992) 

Ng et al. (1991) 



easily. The approach through the vagina ensures a short distance to the folli- 
cles, does not cause skin injury, and can be carried out without general an- 
esthesia in most patients. The rate of complications (perforation, intra- 
abdominal bleeding, peritonitis) is very low (Table 2). Since ultrasound-guided 
follicular aspiration has become common throughout the world, laparoscopic 
oocyte collection is now extremely rare. 



Laparoscopic Follicular Aspiration 

Laparoscopic follicular aspiration is now performed only in exceptional cases. 
When laparoscopy is scheduled for diagnostic reasons, follicles may be aspi- 
rated at the same time in certain cases (e.g., to evaluate a case of endometriosis 
or the prospects for microsurgical tubal correction or as part of intratubal 
gamete transfer; Fig. 2). 
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Embryo tra raster 




Ins&mination 



Fig. 1. In vitro fertilization: principle and procedure 



Advantages 

- Follicles are punctured under direct view of the ovaries, reducing the risk of 
vascular or intestinal injury. 

- Diagnostic exploration of the abdomen is possible: inferior portion of the 
liver (e.g., chlamydial infection, guitar string-like adhesions are typical of 



Table 2. Complications after oocyte retrieval based on retrieval technique 
(from German Central IVF Register 1994) 



Method 


Cycles 


Bleeding 


Intestinal 

injury 


Peritonitis 


Other 


Laparoscopic follicular 


364 


1 


1 


0 


0 


aspiration 


Transvesical aspiration/ 


28 


0 


0 


0 


0 


abdominal ultrasound 


Vaginal aspiration/ 


11326 


8 


0 


4 


6 


vaginal ultrasound^ 


Other 


37 


1 


0 


0 


0 


Total 


11755 


10 


1 


4 


6 



®No distinction between manual and automatic needle guidance is made. 
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the Fitz-Hugh-Curtis syndrome), suspected hepatitis (it is important to 
detect a case of hepatitis to ensure laboratory safety and avoid infection!). 

- Simultaneous adhesiolysis can be performed laparoscopically. 

- If necessary, simultaneous electro- or lasercoagulation of endometrial im- 
plants. 

- Further possibilities for endoscopic operations, e.g., sactosalpinx. 

Disadvantages 

- Intraoperative risks: 

- General anesthesia and subsequent temporary patient monitoring re- 
quired. 

- Risk of vascular and intestinal injury, especially after multiple laparo- 
tomies; laparatomy with longitudinal incision may be necessary (risk of 
hysterectomy due to uncontrollable bleeding is below 1:1000). 

- Postoperative risks: 

- Bleeding from incision sites. 

- Infection in the small pelvis (postoperative risk below 1%). 

Patient Preparation 

- The abdominal wall is disinfected and the Verres needle checked for pa- 
tency. 

- The Verres needle is introduced into the abdominal cavity by incision of the 
umbilical fossa. 

- A CO peritoneum is created by insufflating about 3 1 gas using an insuf- 
flator. 

- The Verres needle is replaced with the trocar of the surgical laparoscope 
(Karl Stortz, Tuttlingen, Germany; external diameter 10 mm, internal dia- 
meter 5 mm). 

- The ovarian fixation forceps is introduced through an additional supra- 
symphysial incision (with the external tube of the trocar in place). 

Preparation of the Aspiration Needle. The Teflon tube in the lumen of the needle 
is pushed forward slightly and cut off flush at the front. 

Surgical Laparoscope with a Straight Optical System. The aspiration needle is 
introduced with the Teflon tube through a third incision in the lower abdomen 
(either directly through the abdominal wall or through the trocar tube; Fig. 3a). 

Surgical Laparoscope with an Angular Optical System. The aspiration needle is 
introduced with Teflon tube through the operating channel of the laparoscope 
(Fig. 3b). 

Follicular Aspiration 

- The ovaries are held with a forceps to restrict mobility during puncture. 

- The follicles around the top ovarian pole are punctured first. 
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Fig. 3. a Surgical laparoscope with a straight optical system. Follicular aspiration is 
through a separate incision, b Surgical laparoscope with an angular optical system and 
an instrument channel, through which the follicles can be punctured 



- The preovarian follicle is preferably punctured at an avascular site at the top 
to avoid leakage. 

- Follicular fluid is aspirated at a vacuum of 150 mmHg. 

- If the follicles rupture prematurely or during aspiration, the contents of the 
pouch of Douglas must also be aspirated. 

- If necessary, flush the pouch of Douglas and aspirate the contents. 

After Follicular Aspiration 

- Reexplore the internal genital area, especially for signs of postoperative 
bleeding. 

- After a final exploration of the upper abdomen, retract surgical instruments, 
release pneumoperitoneum, remove trocar tube. 

- Close incisions with interrupted sutures and apply sterile plaster. 

Postoperative Care 

- The patient must be monitored in hospital for 6-24 h. Care must be taken to 
detect any signs of vascular complications and bleeding. 

- After 6-24 h, the patient is discharged with instructions: 

- Driving inability. 



◄ 

Fig. 2. a Schematic diagram of laparoscopic follicular aspiration. Three incisions: la- 
paroscope, fixation forceps, cannula, b Schematic diagram of an aspiration cannula 
connected to a collection tube and a vacuum pump, c Aspiration cannula and collection 
tube for follicular fluid 
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- Possible circulatory complications. 

- Possible infection. 

- Continued risk of overstimulation (liquid uptake more than 3 1/day). 

- The patient must come back immediately for any complaints, especially 
abdominal tension, breathing difficulties, first signs of thrombosis, cir- 
culatory disorders, fever. 

Ultrasound-Guided Follicular Aspiration with a Transabdominal Transducer 

The following aspiration methods under transabdominal ultrasound control 
are of merely historical significance. 

Transvesicular Follicular Aspiration Under Transabdominal Ultrasound Guidance. 
In 1981 percutaneous transvesical follicular aspiration was described by Lenz 
et al. (1981). Several Scandinavian groups reported the successful use of this 
method (Hamberger et al. 1982; Lenz and Lauritzen 1982). The drawbacks are 
that the bladder wall which is punctured in this operation does not become 
completely painless under local anesthesia, and that the patient must maintain 
a full bladder for a considerable time. 

Periurethral Follicular Aspiration with Transabdominal Ultrasound Guidance. In 
this method follicles were aspirated free-hand through the urethra under 
transabdominal ultrasound guidance (Parson et al. 1985). 

Transvaginal Foilicular Aspiration Under Transabdominal Ultrasound Guidance. 
The transvaginal route under transabdominal ultrasound guidance was first 
described by Dellenbach et al. (1984). This method also requires a full bladder 
as a sound window with the associated strain on the patient and frequent 
problems visualizing the follicles. 

Ultrasound-Guided Follicular Aspiration with a Vaginal Transducer 
Transvaginal Follicular Aspiration Under Ultrasound Guidance 

Principle. The follicles are punctured with a needle connected to the vaginal 
transducer with a guide (Fig. 4). The ultrasound system displays a beam on the 
ultrasound screen corresponding to the selected direction of the needle 
(Fig. 5). The method was described by Wikland et al. in 1985, and the ad- 
vantages of this method have been confirmed by several groups (Feichtinger 
and Kemeter 1986; Cohen et al. 1986; Lenz et ad. 1987). Because of its clear 
advantages compared to the other techniques described above, transvaginal 

^ 

Fig. 5. Transvaginal ultrasound aspiration of follicles (diagram). To aspirate the 
oocyte with the follicular fluid the upper vaginal fornix and the follicular wall are 
punctured by the needle 
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Fig. 4. Puncturing system with needle guide (Labotect) connected to the vaginal 
transducer (Kretztechnik) 





tube with GCrew 
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Fig. 6b. Aspiration system connected to the vaginal transducer 



follicular aspiration is currently considered the method of choice for in vitro 

fertilization. 

Advantages of Ultrasound-Guided Transvaginal Follicular Aspiration 

- Low risk of injury. 

- Follicles can be localized accurately because of their short distance from the 
transducer. 

- No hospitalization is required. 

- No operating theatre is required. 

- Fewer staff is required. 

- Ultrasound aspiration is possible even in cases of severe adhesions in the 
small pelvis if the ovaries can be visualized close to the vaginal pole with no 
interposed vessels or intestinal loops. 

- The procedure can be learned easily and quickly. 

- Lower costs than laparoscopic oocyte retrieval. 

Disadvantages, Risks 

- Risk of vascular and intestinal injury; laparotomy with longitudinal incision 
may be required. 

- Risk of hysterectomy in cases of uncontrollable bleeding below 1:1000. 
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- No adhesiolysis or additional evaluation of the abdomen as in laparoscopy. 

- Risk of postoperative inflammation of the small pelvis (< 1%). 



Automated Transvaginal Follicular Aspiration under Vaginal Ultrasound Guidance 

The method described above can be improved by using an automatic aspira- 
tion system attached to the vaginal transducer (automatic aspiration system, 
Labotect, Gottingen, Germany; Fig. 6). 

Principle. Using a spring mechanism, the needle is projected quickly and ac- 
curately into the target follicle after setting the device for a desired penetration 
depth. Little pain is caused. The penetration depth is determined by a guide 
beam displayed on the ultrasound screen by a program integrated in the ul- 
trasound system. 

Advantages 

- The user can learn quickly how to operate the system. 

- The ovary is not moved forward due to the sharp needle profile and high- 
speed mechanism. 

- Accurate needle placement prevents follicles from being pierced through. 

- It is possible to aspirate small follicles (< 1 cm diameter), which may well 
contain mature oocytes. 

- Extremely low complication rate. 

Disadvantages 

- Higher investment and maintenance costs. 

- Manual adjustment of penetration depth prolongs the puncturing proce- 
dure. 

It is further possible to insert a metal sleeve (guide sleeve) into the peritoneum 
after the initial entry of the needle, which means that several follicles can be 
aspirated without having to perforate the peritoneum each time the needle is 
retracted. However, the guide sleeve may come in the way when puncturing 
remote follicles, which means that the vaginal wall and the peritoneum must be 
penetrated several times. 



Equipment 

Ultrasound Systems 

Ultrasound devices with the appropriate puncturing programs and vaginal 
transducers for vaginal follicular aspiration are now available from nearly all 
ultrasound system manufacturers. The following is a selection of manu- 
facturers: 

- Kontron Instruments, Werner-von-Siemens-Strasse 1, 85375 Neufarn 

- Kranzbiihler Medizinische Systeme, Beethovenstrasse 239, 52665 Solingen 
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- Kretztechnik, Tiefenbach 15, 4871 Zipf, Austria 

- Siemens 

- Toshiba Corporation Medical Systems Devision, 1-1, Shibaura, 1- Chome, 
Minato-Ku, Tokyo 105, Japan; near-focus, can be switched to 5.0 MHz re- 
mote-focus 

Vaginal Transducers 

Requirements for Transducers Used for Aspiration 

- Slim shape for painless introduction into the vagina with instruments at- 
tached. 

- Possibility to attach the needle guide or the aspiration mechanism 

- Visual field > 115°. 

- 5-7.5 MHz. 

- Penetration depth 10 cm. 

- Electronic transducers produce a better image than mechanical ones. 

Aspiration with Manual Needle Guide. See “Ultrasound Systems.” 

Aspiration with Automatic Needle Guide. The automatic aspiration mechanism 
can be connected to the vaginal transducers by: 

- Siemens, Erlangen, Germany 

- Kretztechnik, Tiefenbach 15, 4871 Zipf, Austria 

Puncturing Needles 

Various types of puncturing needles are available from several manufacturers. 
We use single-lumen stainless steel needles. The tip comprises a sound field 
and can be visualized by ultrasound; it must be extremely sharp and must 
therefore be ground regularly (Fig. 7). 

Some Manufacturers 

- William A. Cook Australia PTY LTD, 12 Electronics Street, Brisbane 
Technology Park, Eight Mile Plains, Queensland 4113, Australia 

- Labotec, Labor-Technik-Gottingen, Industriestrasse 20, 37085 Gottingen, 
Germany 

- Rocket of London, Imperial Way, Watford Herts, WD2 4XX, UK 

- SWEMED Lab, Fullriggareg 12B, 421 74 V. Frolunda, Sweden 

Automatic Aspiration Mechanism 

The aspiration mechanism is a patented mechanical precision instrument based 
on a spring allowing for accurate, quick, and low-pain placement of the needle 
and continuously adjustable penetration depth. For use, cleaning, and ster- 
ilization of the instrument, the manufacturer’s instructions must be followed. 
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Shallow 

grooves 




Fig. 7. a Puncturing needle connected to the vaginal transducer, b Needle tip (diagram): 
the sharp needle tip comprises ridges which appear as a shadow on ultrasound. This 
makes it possible to locate the needle tip by ultrasound 



Manufacturer. Labotect, Labor-Technik-Gottingen, Industriestrasse 20, 37085 
Gottingen, Germany 

Aspiration and Washing Systems 

The follicles can be aspirated and, if necessary, washed with various systems. 
There is a choice of mechanical or electrical equipment. The electrical devices 
(Fig. 8) can operate at a defined vacuum, but they are more expensive and 
require more maintenance than simple mechanical devices. It has been shown 
that the oocyte retrieval rate can be improved significantly from 70% to 96% 
per follicle by washing (Mettler 1995), and it is therefore recommended 
especially in cases of male infertility. 

Some Manufacturers 

- William A. Cook Australia PTY LTD, 12 Electronics Street, Brisbane 
Technology Park Eight Mile Plains, Queensland 4113, Australia 

- Labotec, Labor-Technik-Gottingen, Industriestrasse 20, 37085 Gottingen, 
Germany 

- Rocket of London, Imperial Way, Watford Herts, WD2 4XX, UK 

- SWEMED Lab, Fullriggareg 12B, 421 74 V. Frolunda, Sweden 
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Fig. 8. Automatic flushing system and aspiration pump with stand (Labotect, Gottingen, 
Germany) 




266 



T. Rabe et al. 



Disinfection/Sterilization 
Vaginal Transducer 

- After use the vaginal transducer is thoroughly cleaned mechanically under 
running water, then rinsed with deionized water. 

- Before aspiration: 

- Disinfect for 15 min (Cidex Instrument Disinfection, Johnson & Johnson 
Medical; active ingredient: 2.5 g glutaraldehyde; activator: sodium hy- 
drogen carbonate, trisodium phosphate, sodium salt of oxymethane 
sulfinic acid). 

- Rinse off disinfectant residue with distilled water. 

Needles 

- Clean needles thoroughly after use under running water. 

- Rinse with deionized water. 

- Autoclave (30 min at 121°C), protecting needle with swab, etc. 

Automatic Puncturing System 

- Disassemble puncturing system after use according to manufacturer’s in- 
structions. 

- Rinse with deionized water. 

- Autoclave (30 min/121°C). 



Anesthesia 

Routine Medication 

Premedication. 20 drops of Tramal (50 mg tramadol hydrochloride) and 1/2 
tablet Dormicum 7.5 (3.75 mg midazolam hydrochloride) 30 min before the 
procedure. 

Intraoperative Medication. If necessary, 1/2 amp Tramal i.v. (50-100 mg tra- 
madol hydrochloride) during the procedure. 

Further Analgesia 

- General anesthesia 

- Intravenous short-term anesthesia 

- Local anesthesia 

- Other, e.g., acupuncture 

Table 3 shows the role of various anesthetic procedures for ultrasound as- 
piration in IVF patients according to the German IVF Register 1994. 
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Table 3. Anesthesia and IVF 

(from Central IVF Register 1994) Anesthesia IVF/n IVF/o/o 



None 


1428 


8.8 


Sedation 


4800 


29.7 


Local anesthesia 


1390 


8.6 


General anesthesia 


7844 


48.5 


N euroleptanesthesia 


712 


4.4 


Epi-/peridural anesthesia 


0 


0 


Other 


1 


0.01 



Procedure of Transvaginal Follicular Aspiration Under Vaginal Ultrasound Guidance 

Preparation 

- Administer 20 drops Tramal (50 mg tramadol hydrochloride) and 1/2 tablet 
Dormicum 7.5 (3.75 mg midazolam hydrochloride 1/2 h before the opera- 
tion. 

- Patient should be fasting to allow for safe incubation if complications occur. 

- Place a venous, indwelling cannula for intravenous administration of 
Ringer’s lactate (500-1000 ml) and analgesics (1/2 ampule of Tramal 
i.v. = 50-100 mg tramadol hydrochloride). 

- The patient has emptied her bladder and is punctured in lithotomy position. 

- Wash the vagina with physiological saline. 

- Select the ultrasound program after connecting the transducer according to 
the manufacturer’s instructions. 

- Check the direction of the guide beam. 

Manual Placement of the Needle 

- The puncturing needle is connected to an aspirating/flushing apparatus 
attached by a fixation ring to the front and rear ends of the vaginal trans- 
ducer, thereby defining the direction of puncture corresponding to the guide 
beam on the ultrasound image. 

- The aspirating/washing apparatus is checked using test tubes. 

Automatic Puncturing System 

- The automatic puncturing system connected to the needle and aspirating/ 
flushing system is fixed at the vaginal transducer. 

- The spring mechanism of the automatic puncturing system is checked. 

- The aspirating/washing system is checked using test tubes. 

Finding the Follicles 

- The transducer is dipped in 0.9% saline and cautiously introduced into the 
vagina. 

- The uterus, both ovaries, and the iliacal vessels are identified by visualiza- 
tion in both planes. The distance between the upper pole of the vagina and 
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the ovaries is closely evaluated (care is taken to avoid vascular or intestinal 
interposition). 

- Repositioning of the patient may become necessary. 

- Depth localization of the closest accessible follicle (distance from the upper 
vaginal pole to the center of the follicle). 

Aspiration with Manual Needle Placement (A) 

- If the patient is conscious, she is briefly informed that the puncture is 
imminent. 

- Needle is pushed forcefully forward to the center of the follicle. 

- Needle tip ridges are shown in the ultrasound image. 

- While keeping the needle in place, the adjacent follicles are punctured 
without retracting the needle from the abdominal cavity between aspira- 
tions. 

Automatic Puncturing 

- Selection of the needle penetration depth. 

- The aspiration apparatus is cocked. 

- If the patient is conscious, she is briefly informed that the aspiration is 
imminent. 

- By triggering a spring mechanism, the needle (external diameter 1.4 mm; 
internal diameter 1.1 mm), whose tip can be seen in the ultrasound image 
due to a sound field, is propelled into the center of the follicle quickly and 
accurately, causing relatively little pain. 

Follicle Aspiration 

- The contents of the follicle are aspirated by an automatic suction apparatus 
(vaccuum level as defined by manufacturer’s instructions) or mechanically 
using a syringe. 

- The aspirated follicular fluid is assessed (color: e.g., serous, bloody tinge, 
bloody, blood, endometrial fluid; quantity: 0.5-10 ml). 

Flushing 

- If necessary, the follicle is flushed using an automatic flushing device or a 
syringe. 

- The tube with the follicular fluid is closed, stored in a heating block or 
passed on to a biologist, if available. 

- If necessary, the follicles are flushed repeatedly. Care should be taken not to 
expand the follicle beyond its original size to avoid unnecessary pain. 

After Aspiration 

- Ultrasound monitoring for any intraabdominal bleeding, for example, ac- 
cumulation of liquid in the pouch of Douglas (up to 100 ml is normal since 
flushing liquid may enter the pouch of Douglas during aspiration). 
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- Speculum is introduced into the external os to evaluate any bleeding from the 
posterior vaginal fornix. If necessary, a vaginal tampon is applied for 5 min. 

Follow-Up 

- The patient is monitored for 2 h (risk of circulatory complications, bleeding). 

- After 2 h: patient is discharged with instructions: 

- Inability to drive. 

- Possible circulatory complications. 

- Possible postoperative bleeding. 

- Continued risk of hyperstimulation (patient should drink more than 
3 1/day). 

- Patient should come back immediately if she has any complaints, espe- 
cially abdominal tension, breathing difficulties, signs of beginning 
thrombosis, circulatory disorders. 



Laboratory 

An embryological laboratory is used to isolate the oocytes, process the sperm, 
fertilize the oocytes, and cultivate the embryos (Fig. 9). Sterile techniques are 
used to avoid infection of the cell cultures and negative consequences for 
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Fig. 9. Flow diagram of biological activities during IVF 
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Table 4. Common laboratory meth- 
ods for IVF (from Seifert-Krauss et Workplace 
al 1994 ) Laboratory table 

Laminar flow hood 

Laminar flow hood with integrated table heating 
Lighting 
Daylight 
Blinds drawn 
Green filter 
Clothing 

Laboratory gown 

+/- gloves (unpowdered), mouth cover, head cover 
Operating gown 
Incubation vessels 
Microwell plates 
Culture tubes 

Culture dishes with oil cover 
Incubation atmosphere 
5% CO 2 , 5% O 2 , 90% N 2 
5% CO 2 , ambient air 
Sperm preparation 
Centrifugation 
Percoll technique 
Swim-up 
Glass wool filter 
Pentoxyfylline or equivalent 
Common culture media 
Ham’s F 10 
Human tubal fluid 
Wittingsham’s 
Menezo (serum-free) 

Medicult Universal IVF Medium (serum-free) 

Serum added 

Patient serum (homologous serum) 

Pooled cord blood 
None 



embryonal development. After more than a decade of global IVF practice the 
procedure has now become routine. There are many successful variations 
(Table 4). 

The IVF methods described here, which range from oocyte search to embryo 
transfer, correspond to the standards established by the IVF Standards Com- 
mission, the Working Group on Reproductive Medicine of the German Society 
for Gynecology and Obstetrics and the Safety and Standards Committee of the 
European Society of Human Reproduction and Embryology. 



Fig. 10a,b. Example of an IVF ward layout. The laboratory for oocyte and embryo 
culture is located in the center of the ward, next to the operating theater, where the 
follicles are aspirated. The laboratory is linked by a corridor to the adjacent rooms for 
microinjection, sperm preparation, medium preparation, and cryoperservation. These 
rooms are connected by a clean corridor with the rest of the ward, where a research 
laboratory, rest and changing rooms, and storage facilities may be arranged 
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Facilities 

The laboratory rooms should be located inside the IVF unit to ensure short 
distances and direct communication (Fig. 10). 

Transport Routes 

- To keep the transport routes for oocytes or embryos as short as possible, 
follicle aspiration and embryo transfer should be performed in rooms im- 
mediately adjacent to the laboratory unit. 

- Only a few minutes should pass between aspirating the oocyte, taking it into 
culture and placing it into the incubator. 

- If the distance between the aspiration room and the laboratory is too long, 
the collection tubes for the follicular fluid are closed tightly and put into 
intermediate storage at 37°C. Oocyte search then starts after the aspiration 
operation has been completed. 

Air Conditioning, Depending on the geographic location of the laboratory, air 
conditioning with controlled air filters for the laboratory may be indispensable 
to reduce airborne contamination and to keep the temperature in the labora- 
tory within a range ensuring the reliable operation of the incubators. (Many 
incubators have no cooling system, so that their internal temperature may rise 
above 37.5°C at very high ambient temperatures, for example, due to direct 
sunlight. In this case, the incubators must no longer be used for oocyte and 
embryo culture). If the laboratory is located inside the operating area, the air 
conditioning system must be separate from the system for the operating 
rooms to avoid the toxic effects of anesthetic gases and disinfectants on 
oocytes and embryos. Care must be taken not to draw in contaminated air 
(e.g., exhausts from the hospital or busy roads). 



Building Materials, Materials discharging embryotoxic substances into the en- 
vironment must not be used for the construction of laboratories. 

- Avoid solvent residues in: 

- Paints (wall etc.) 

- Wood (furniture) 

- Floor cover (PVC) 

- Suggestions: 

- Nontoxic paints 

- Floor tiles/stone floor 

- Tiled walls 

- No curtains 

- Metal shutters or whitewashed windows 

Workplace, The following elements should be considered for the workplace: 

- Laboratory table, for example, of stainless steel, in the operating room or in 
the laboratory for cell and tissue culture. 
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Fig. 11. Workplace with laminar flow hood (Labotect) 



- Laminar flow hood (vertical or horizontal flow) if working environment 
cannot be kept clean. 

Many groups use a laminar flow hood (Fig. 11) when handling oocytes and 
embryos to ensure sterile conditions. The inevitable disadvantages are faster 
degasing of C02-buffered media and pH changes. Working under the la- 
minar flow hood is not considered necessary by the Standards Commission 
of the Working Group of the German Society for Gynecology and Obstetrics 
unless the laboratory is located in a nonsterile environment, for example, a 
corridor. 

- Suggestions: 

- Preparatory work (preparing media, aliquoting, adding antibiotics, filling 
dishes) should be performed under the laminar flow hood. 

- Oocytes and embryos should be handled at the lab table or on a special 
heated table (Henning Knudson, Denmark). 
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Before each operation all surfaces are sprayed with 70% ethanol (diluted 
from: Rotipuran, ethanol content more than 99.8%, Carl Roth), which is not 
wiped off but allowed to evaporate. 

Once weekly all surfaces and the equipment in the laboratory are thoroughly 
cleaned with a phosphate-free 1% detergent which is not toxic to tissue cul- 
tures (7X-PF Laboratory Detergent by ICN Pharmaceuticals), wiped down with 
water, and rubbed dry. Afterwards they are sprayed with 70% ethanol. 

Clothing. Distinction must be made between clothing for the protection of staff 
(infection risk) and clothing to ensure sterility. Clothing requirements during 
the handling of oocytes range from simple laboratory gowns to gloves and 
mouth cover and on to a complete set of operating room clothes with sterile 
gowns, gloves, hair and mouth covers. Gloves must not contain any tissue-toxic 
powder (Biogel, LRC Products, Hygiene Gloves, Beiersdorf, Hamburg, Ger- 
many). 

- Suggestions: 

- Oocyte search: Laboratory gown, nonpowdered gloves, hair and mouth 
covers. 

- Other procedures: Laboratory gown, optionally nonpowdered gloves. 



Incubators 

Requirements 

- Tissue culture requires reliable incubators maintaining a set gas con- 
centration at a constant temperature of 37°C and high humidity and re- 
storing it quickly after having been opened (Fig. 12). 

- Some working groups (Vienna, Norfolk) use ambient air enriched with 5% 
CO 2 for culture. Most groups work with a gas concentration of 5% CO 2 , 5% 
O 2 , and 90% N 2 . 

An analysis of current data failed to show any significant improvements in 
human IVF results by using 5% CO 2 , 5% O 2 , and 90% N 2 compared to a 
mixture of 5% CO 2 and atmospheric air, which is less expensive. However, due 
to the data reported in the literature on the toxic effects of high levels of oxygen 
on cells and embryos, it appears useful to protect human embryos from oxi- 
dative stress during in vitro culture (Dumoulin et al. 1995). 

- Gases of the highest purity grade should be used (e.g., Sauerstoffwerk 
Friedrich Guttroff). 

- CO 2 : > 99.7% by vol. 

- Further components: 

- Air (N+0) < 500 vpm 

- Hydrocarbons < 5 vpm 

- Humidity < 50 vpm 

- N 2 : > 99.999% by vol. 

- Further components: 
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Fig. 12. Incubator for oocyte and embryo culture (Heraeus Cytoperm 8088). A glass 
front comprising six separate doors makes it possible to open different sections sepa- 
rately 



- Oxygen < 3 vpm 

- Hydrocarbons < 0.2 vpm 

- Humidity < 5 vpm 

- Each gas is fed centrally to the laboratory through two copper pipes (with 
shuttle valve). 

- Gas connection with a reducing valve to 0.5- 1.5 bars. 

- To remove any dirt particles entrained from the gas cylinders, the gas may 
be passed through ultrapure water before entering the incubator. 

- Pollutants in ambient air may impair the incubation conditions. If this is the 
case, processed gases should be used exclusively in the incubator. 

- If the ambient temperature is too high, the incubator temperature may rise 
so as to damage the oocytes and embryos irreversibly. In small, ill-vented 
rooms an air conditioning system is recommended for the laboratory. 

Maintenance and Cleaning 

- Incubators should be cleaned and sterilized regularly according to the 
manufacturer’s instructions. 

- Temperature and CO 2 concentrations should be controlled regularly using 
instruments not connected to the incubator display (thermometer and CO 2 
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indicator Fyrete by Bacharach, Pittsburgh, Penn., USA). The principle of 
CO 2 measurement with a Fyrete device is the expansion of a calibrated fluid 
depending on the CO 2 content when a gas mix is fed into it. 

- The manufacturer’s instructions concerning constant high air humidity 
must be strictly applied. 

- The pH of equilibrated media must be checked regularly (pH meter). 

- Suggestions: 

- Frequent opening of the incubator leads to changes in the sensitive in- 
cubator environment, compromising the development of oocytes and 
embryos. It is therefore recommended: 

To use incubators with separate doors for the different shelves. 

To use several incubators for the different procedures to cause the least 
possible disruption of the incubation environment for oocytes and embryos by 
opening incubator doors. 



Culture Dishes and Tools 

When handling oocytes, embryos, and semen, sterilized material suitable for 

tissue culture is used. 

- The catheters and syringes used normally may contain substances toxic to 
tissue (e.g., lubricants). If such materials are used (e.g., insulin syringes for 
embryo transfer), they are first washed thoroughly with ultrapure water or 
medium. 

- Material which has been sterilized with ethylene oxide must be allowed to 
degas for 10-14 days to make sure no residual tissue-toxic gas remains on it. 

- Oocyte search is carried out in preheated tissue culture dishes (Falcon 3003/ 
Becton-Dickinson) . 

- The oocytes are inseminated and the embryos cultured in microwell culture 
dishes (Nunclon, Nunc, Denmark), which are highly suitable for this purpose. 

Outside the incubator, the pH, humidity, and temperature must be kept con- 
stant. Therefore it is indispensable to work quickly on heated plates or on a 

specially heated table. 

- Oocytes and embryos are transferred with disposable micropipettes (Blau 
Brand intraMark) linked to pipette-aids (Brandt; Fig. 16). 

- Before transfer the embryos are picked up with an embryo transfer catheter 
(T.D.T Set, Laboratoire C.C.D. 60, Rue Pierre Charon 75008 Paris, France) 
linked to an insulin syringe (Braun, Melsungen, Germany; Fig. 25) 



Glassware and Other Sterilization Tools 

After use, glassware and other sterilization tools are: 
- Thoroughly cleaned under running water. 
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- Carefully rinsed with deionized water, dried, and autoclaved at 121°C for 
30 min in stainless steel boxes (Desktop autoclave, Webeco, Germany, A40 
DS202). 

- Needles, puncturing guides etc. are placed in heat-sealed bags before ster- 
ilization (Impulssiegelgerat, Hawo-Geratebau, 6852 Obrigheim, Germany). 

Before use all instruments which come into contact with oocytes, embryos, 
or semen, such as follicle aspiration kits, embryo transfer catheters, and syr- 
inges, are thoroughly rinsed with medium or PBS. 

Newly bought equipment should be left to soak in dilute acid (e.g, HCl) 
overnight and then cleaned thoroughly with distilled water to remove any oil, 
dust and other contaminants resulting from the manufacturing process. 



Water 

Water of different purity levels is used for the preparation of culture media and 

for washing the material which must be sterilized. 

- For the make-up of media ultrapure water is used (Seromed, Biochrom, 
Berlin, Germany). 

- The equipment which must be sterilized is precleaned with tap water, 
thoroughly rinsed with deionized water produced by a deionizer (Behropur, 
Behr Labortechnik, Germany) and finally rinsed with distilled water. 

- If large quantities of water of a certain purity are required regularly, it is 
useful to integrate the appropriate purification system into the laboratory. 

- Water purification equipment must be checked regularly for micro-organ- 
isms and other contaminants such as proteins according to the manufac- 
turer’s instructions to ensure constant water quality. 

Ultrapure Water 

Requirements. The distillate of processed ultrapure water must be pyrogen free. 

Conductivity: 0.06-0.08 pS/cm. 

Purification by Biochrom in a Multistage Process 

- Precleaning with activated carbon and anion/cation exchanger. 

- Final cleaning in a cyclon: removal of all entrained bubbles below 0.5 mm 
from the steam by acceleration to 500 x g. 

Purification by Fivefold Distillation Through a Quartz Column. This is possible if 

no multidistillation water is available. 
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Deionized Water 

Requirements. Conductivity less than 10 jiS/cm. 

Purification (Behr Labortechnik) 

- Water is passed through a cartridge filled with ion exchange resins, which 
remove all salts as well as silicic and hydrochloric acid. 

- A conductivity meter indicates when the cartridge must be replaced. 

Media 

Successful in vitro fertilization has been performed with many different culture 
media, and no single medium has so far been proven superior by reliable 
studies in terms of oocyte fertilization, embryonal development, and preg- 
nancy rates (Table 5). The media can be made in the laboratory or bought from 
commercial suppliers. The purchase of commercial media simplifies laboratory 
operations significantly, the disadvantage being that quality assurance is out- 
side the control of the laboratory manager. 

Requirements 

- The manufacture of culture media requires ultrapure water and chemicals. 

- It must be based on a balanced buffered culture medium combined with 
energy substrates such as glucose and sodium pyruvate. 

- Antibiotics may be present in the starting medium or added before use (e.g., 
Penicillin/Streptomycin by Biochrom, Berlin, Germany; concentration of the 
original solution 10 000/10 000 pg/ml). 

- To avoid the adhesion of oocytes or embryos to the walls of containers or 
catheters, protein, for example, in the form of human albumin, must be 
added. 

- The osmolarity of the medium must be in the range from 275-290 mosmol/ 
kg and the pH after equilibration with CO 2 from 7.35 to 7.45. 

- Complex media may also contain amino acids, nucleotides, hormones and 
growth factors, adhesion factors, and transport proteins. 

Quality Assurance 

- Exclusion of: 

- Endotoxins (limulus test by Scanmedical, external LAL ELISA test). 

- Bacteria or viruses. 

- Survival of: 

- Spermatozoa (incubation of a defined number of normal sperm in 1 ml 
medium, documentation of survival time: motile sperm should still be 
present in the medium after 5 days). 

- Single or two-cell mouse embryos. 

- Defined cell lines (hybridoma cell line 1E6, Hybritest, Medikult Linaris; 
determination of the growth rate of hybridoma cell line 1E6 in serum-free 
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medium. Cell growth is compared with a known standard microscopically 
and with a Coulter Counter after 96 h). 

After preparation the media are passed through sterile filters and divided 
into convenient portions (Schleicher & Schuell, FP 030/0, disposable filter 
holder Rotrand; pore size: 0.2 pm, sterile, pyrogen-free). 

- The media bought ready-made are sterile and just must be aliquoted. 

- Storage is for 14 days-5 weeks, depending on medium and manufacturer. 

- Before use the pH of the medium is adjusted in the CO 2 incubator (equi- 
libration of the medium overnight). 



Table 5. Culture media for IVF (mg/1) 





Medicult 

Universal 

Medium^ 


Ham’s 

FIO'’ 


Menezo’s 

BZ" 


Earle’s 

Solution‘S 


Whittinghams’s 

T 6 ^ 


Human 
tubal fluid* 


NaCl 


6800 


7400 


6100 


6800 


5719 


5939 


KCL 


400 


285 


- 


400 


106 


350 


CaCh 2 H 2 O 


265 


44.1 


- 


265 


262 


300 


MgCh 6 H 2 O 


- 


- 


- 


- 


96 


- 


NaHCOa 


2200 


1200 


1800 


2200 


2101 


2101 


SSR 2 /A (buffer) 


1 


- 


- 


- 


- 


- 


SSR2/B (insulin) 


0.5 


- 


- 


- 


- 


- 


MgS04 


100 


152.8 
(X 7H20) 


200 

(X 7H20) 


100 


— 


49 

(X 7H20) 


KH 2 PO 4 


- 


83 


60 


- 


- 


50 


Na2HP04 


125 


290 

(X 7H20) 


154 

(X 12H20) 


125 


51 




Na acatate 


- 


- 


50 


- 


- 


- 


Na lactate 


- 


- 


- 


- 


4.65 ml/ 

1 (60% ig) 


2399 


Ca lactate 


- 


- 


50 


- 


- 


- 


Na pyruvate 


0.8 mM 


no 


250 


- 


52 


36 


CUSO 4 5 H 2 O 


- 


0.0025 


- 


- 


- 


- 


FeS 04 7 H 2 O 


- 


0.834 


- 


- 


- 


- 


ZnS 04 7 H 2 O 


- 


0.0288 


- 


- 


- 


- 


Serum albumin 


10 000 
(human) 


- 


10 000 
(human) 


- 


- 


~ 


Glucose 


1000 


1100 


1200 


1000 


1000 


500 


Streptomycin 


50 


- 


40 


- 


50 


50 


Vitamin C 


- 


- 


50 


- 


- 


- 


Cholesterol 


- 


- 


25 


- 


- 


- 


Lipoic acid 


- 


0.2 


- 


- 


- 


- 


Phenol red 


11 


1.2 


15 


11 


10 


10 


Thymidine 


- 


0.7 


- 


- 


- 


- 


Hypoxanthine 


- 


4 


- 


- 


- 


- 


pH 


1.1-1 A 


7.4 


7.4 


7.4 ± 0.2 


7.4 


ND 


H 2 O (mosmol/kg) 280 


300 


280 


280% ± 5% 280 


ND 



^Holst et al. (1990). 
^Lopata et al. (1980). 
‘^Testart et al. (1982). 
‘^Purdy (1982). 
®Quinn et al. (1985). 
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Preparation of Ham's F10 

Preparatory Work 

- Switch on and calibrate analytical balance (Sartorius, Analytic) and osm- 
ometer. 

- Switch on laminar flow hood, clean it thoroughly with alcohol, and keep it 
running for at least 30 min. 

Prepare starting substances, solutions, and disposable materials: 

- Ham’s FIO dry medium with L-glutamin and 1.2 mg/ml phenol red but no 
NaHCOs (for 1 1 water; Biochrom) 

- Penicillin G powder, embryo-tested (Sigma) 

- Streptomycin sulfate powder, embryo-tested (Sigma) 

- Calcium lactate x 5 H 2 O, soluble, ultrapure (Merck) 

- Sodium bicarbonate solution 7.5% (Gibco) 

- Ultrapure water 1 1, sterile, to make up the medium (Biochrom) 

- Ultrapure water, sterile, to wash the filter and the syringe and to adjust the 
osmolarity 

- Two sterile 100-ml sample beakers with lids (Becton Dickinson) 

- Sterile round-bottom tubes, 6 ml (Falcon 2003) 

- 50-ml tissue culture flasks (Becton Dickinson) 

- Sterile disposable syringes (20 ml), prewashed with ultrapure water (Becton 
Dickinson) 

- Sterile filters 0.2-pm pore size, pyrogen-free (Schleicher & Schiill) 

- Pipettes etc. 

Starting Substances 

- Put 50 mg penicillin G into a tube. 

- Put 50 mg streptomycin sulfate into a tube. 

- Put 308 mg calcium lactate into a tube. 

Mixing the Medium (Under the Laminar Flow Hood) 

- Put 80 ml each of ultrapure water from the 1-1 bottle into the two 100-ml 
sample beakers. 

- Put Ham’s FIO powder and the other weighed substances into one beaker. 

- Close the beaker, shake until all crystals are dissolved ( = concentrate). 

- Place sterile filter on a 20 ml syringe and rinse with ultrapure water (reject 
filtrate). 

- Using the syringe, sterile-filtrate concentrate through the prerinsed filter 
back into the 1-1 bottle (if filter becomes clogged, replace with a new pre- 
rinsed filter). 

- Mix contents of the bottle well. 

- Sample a small quantity of medium from the bottle and adjust osmolarity to 
245 mOsmol/kg using ultrapure water. 

- Check: if 666 pi 7.5% sodium bicarbonate solution is added to 22 ml 
medium, the resulting osmolarity should be 280 mOsmol/kg. 
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- Check: after equilibration in the incubator, the pH of the medium (in- 
cluding sodium bicarbonate) should range between 7.35 and 7.45. 

- Aliquot the remaining medium (not containing sodium bicarbonate): 
Transfer the medium into sterile 50-ml culture flasks (22 ml per flask) with 
a sterile 10 -ml pipette. 

Quality Control 

- Have an aliquot of the medium tested for sterility (after incubating it for a 
few days to allow the growth of any bacteria). 

- Sperm survival test (incubation of a defined number of normal sperm in 
milliliters of medium; documentation of survival time: after 5 days, there 
should still be motile sperm present). 

- Medicult Hybritest (Medicult Linaris supply a test kit and evaluate the test 
when it is returned to them). 

- Exact documentation of medium formulation (batch numbers of the che- 
micals) in the laboratory manual. 

- Storage of the 22 ml aliquots: at -20°C for a maximum of 3 months. 

- Immediately after thawing at room temperature and before use, sodium 
bicarbonate is added to the medium: 

- 666 pi 7.5% sodium bicarbonate solution are pipetted into a flask con- 
taining 22 ml medium; the sodium bicarbonate concentration is 
equivalent to 2.2 g/1. 

- When sodium bicarbonate is added, the color changes: the medium turns 
pink (the color indicates a pH shift: yellow = too acid; purple = too al- 
kaline). 

- Add the exact quantity since any deviation would significantly change 
osmolarity. 



Addition of Serum 

Serum is added to culture media in order to improve the culture conditions. 

Advantages 

- Serum contains nutrients, hormones, growth hormones, enzymes, protease 
inhibitors, and proteins which neutralize toxins. 

- Serum prevents nonspecific absorption and modulates pH, viscosity and 
surface tension. 

Disadvantages 

- Due to its complex composition it contains unknown factors in variable 
concentrations. 

- It is not a physiological culture medium and may contain toxic and in- 
fectious components (hepatitis B, HIV, cytomegalovirus, slow virus infec- 
tions etc.). 
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- Serum collection means more time and effort required from patients and 
staff compared to culture media with serum replacements. 

Due to the infection risk to embryos, the addition of serum is the subject of 
current dispute. Using patient serum minimizes the infection risk; the dis- 
ruptive influence of, for example, steroid hormones and growth factors, cannot 
be ruled out. 

- Before starting IVF treatment the patient’s serum must be tested for he- 
patitis, HIV, cytomegalovirus, etc. 

- The serum is heat-inactivated, filter-sterilized, and deep-frozen. 



Collection of Patient Serum for the IVF Program 

- The blood should be sampled between day 7 of the cycle and 1 day before 
aspiration. 

- The blood is collected using disposable, sterile 10-ml syringes rinsed several 
times with sterile ultrapure water to remove tissue-toxic lubricants. 

- The samples are filled into sterile centrifuge tubes (Becton Dickinson, 
14 ml). 

- They are processed within 2-3 h (or stored at 4°C) 

Processing of Patient Serum (Homologous Serum) 

- 2-3 h after blood is sampled: centrifugation at 2000 g for 30 min (possibly 
less). 

- 4-5 ml serum is aspirated with a sterile 10-ml pipette (avoid entraining 
blood!) and filled into a second labeled centrifugation tube, close lid tightly. 

- Recentrifugation at 2000 x g for 10 min. 

- Aspirate serum with a fresh sterile 10- ml pipette, fill into a third sterile tube. 

Note. If serum has an orange hue, it is hemolytic and must be recentrifuged. If 

it is opaque, it is lipemic and must be recentrifuged. 

Inactivation and Filter Sterilization of Patient Serum 

Inactivation of Serum. The serum is inactivated at 56°C in the heating block 

for 30 min. (Preheat heating block, control temperature, set time.) 

Preparation of Filter Sterilization 

- Switch on laminar flow hood, clean thoroughly with alcohol and keep hood 
switched on for at least 30 min. 

- Lay out the following tools on the hood table. 

- Centrifugation tube with heat-inactivated serum. 

- Three sterile tubes with lids (Becton Dickinson, Falcon 2003) for: 

- Sperm preparation. 
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- Oocyte and embryo culture. 

- Embryo transfer. 

- One sterile 5-ml syringe (Becton Dickinson, F 38241), rinsed three times 
with ultrapure water. 

- One sterile disposable injection cannula (Braun Melsungen, Sterican 
0.9 X 70 mm/20 G x 2^^^), place on the rinsed syringe. 

- Sterile filter, pyrogen-free, pore size 0.2 pm (Schleicher & Schiill FP 030/3. 

Filter Sterilization 

- Open serum tube, place lid on table with opening pointing upwards. 

- Aspirate serum into syringe through cannula, then draw in some air. 

- Hold up syringe, pull off cannula, place filter on syringe using sterile 
technique 

- Reject the first drops filtered. 

- Filter 1 ml of serum each into the tubes. 

- Close tubes tightly. 

- Freeze at -20°C 

- Only defreeze the tubes to be used on the same day. 



Cocultures 

Principle 

For the purposes of IVF, coculture means embryo culture in the presence of 
heterologous cell lines. It is based on the finding made by cell culture re- 
searchers that cells tend to grow and multiply better in the presence of other 
cells. It is the goal of embryo coculture to achieve the best possible embryo 
development to blastocyst stage and to transfer the embryo into the uterus 
between days 5 and 7 after aspiration, i.e., at the time of physiological im- 
plantation. 

Advantages 

- Higher implantation rates. 

- In vitro selection of embryos with high cleavage rates. 

Disadvantages 

- Much more laboratory equipment and work required. 

- Possible infection of the embryo by the cocultured cells. 

- Possible tumorogenic effect of the cocultured cells. 

Experience with cocultures of human embryos with vero cells so far shows 
that under these conditions embryo development continues to the blastocyst 
stage, and that the intrauterine embryo transfer can proceed between days 5 
and 7 after follicular aspiration. The pregnancy rate per embryo transfer rises 
with the stage of extrauterine embryo development. 
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Coculture is not yet used routinely by most groups because of the much 
higher complexity of the procedure than conventional culture and concerns 
about possible contamination and infection of the embryo. 

Media for IVF Operations 

The complex procedure of making the media and the above disadvantages of 
serum as an additive to the medium caused the replacement of Ham’s FIO to 
commercial medium containing synthetic surrogate serum and human albu- 
min as the protein component (Medicult Universal Medium, Medicult a/s 
Lerso Parkalle 42, 2100 Copenhagen, Denmark). The medium is divided into 
sterile aliquots (50 ml cell culture flasks/Greiner Labortechnik) and may then 
be used for the following 4 weeks. The laboratory procedures involve the use of 
Medicult Universal Medium, but may also be carried out using serum-con- 
taining media, for example. Ham’s FIO (Table 6, Fig. 13). 



Oocyte Search 

The oocytes can be located in parallel with follicular aspiration. To maintain 
the vitality of oocytes all procedures must be sterile and quick. Unnecessary 



Table 6. Examples for the use of serum-free medium (A) and medium 
requiring the addition of serum (B) in IVF 





A 


B 




Follicular washing 


with PBS+pen/strep+ 


- 


- 




heparin 

Oocyte handling 


Washing medium 


Medicult Universal 
IVF medium 


Ham’s FIO 




Insemination of oocy- 


Medicult Universal 


9/10 Ham’s FIO 




tes 


IVF medium 


1/10 homologous 
9/10 Ham’s FIO 


serum 


Culture medium from 


Medicult Universal 




PN control onwards 


IVF medium 


1/10 homologous 


serum 


Sperm preparation 


Percoll (40%/80%) 


- 


- 




Washing medium 


Medicult Universal 


9/10 PBS 






IVF medium 


1/10 homologous 
9/10 Ham’s FIO 


serum 


Insemination medium 


Medicult Universal 






IVF medium 


1/10 homologous 


serum 


Swim-up 


Washing medium 


Medicult Universal 


9/10 PBS 






IVF medium 


1/10 homologous 
9/10 Ham’s FIO 


serum 


Insemination medium 


Medicult Universal 






IVF medium 


1/10 homologous 
7/10 Ham’s FIO 


serum 


Transfer medium 


Medicult Universal 






IVF medium 


3/10 homologous 


serum 



In Vitro Fertilization 



285 







Fig. 13a-c. Filling sequence for the culture dishes in the different steps of IVF. a Using 
Medicult Universal Medium, b Using Ham’s FIO and homologous serum 



distance from one workplace to the next should therefore be avoided, and the 
biologist’s workplace arranged close to the aspiration room. 

Method. The follicular aspirate is collected in tubes using sterile technique 
(26 ml; Sarstedt, Niimbrecht, Germany) and if possible passed on to the 
biologist as soon as possible. 

- The follicular fluid is distributed over several culture dishes for oocyte 
localization. 
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Fig. 13c. Tissue culture dish for the cultivation of oocytes and embryos. Wells 1-3 contain 
culture medium 



- The typical striae of the cumulus oophorus can be seen with the naked eye. 
The cumulus is evaluated under the microscope at X40-125 magnification 
(Fig. 14). 

- The polar body (Fig. 15) is an unambiguous indicator of oocyte maturity. 
However, it may not be visible if the cumulus is too dense. The degree of 
oocyte maturity can also be assessed on the basis of cumulus cell density 
and appearance of the corona radiata around the oocytes (Fig. 16). 

- The cumulus and the oocyte are transferred into the first well of a medium- 
containing microwell dish using a glass capillary connected to a pipette aid 
(Fig. 17), freed of erythrocytes, immediately transferred into fresh medium 
(second well), and cultured in an incubator. 
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Fig. 14. a Human oocytes surrounded by cumulus cells in a petri dish immediately after 
aspiration (natural size), b Human oocytes surrounded by cumulus cells 
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Fig. 14c. Human oocyte surrounded by cumulus x 100 



Preparation 

- Fill six labeled microwell dishes (Nunclon, Nunc Denmark) with 800 |il 
culture medium per well and equilibrate overnight in the incubator (e.g., 
Heraeus Cytoperm 8088; Fig. 12). 

- Clean work surfaces with 70% alcohol before oocyte search begins, heat up 
warm plate (Medax) to 37°C, monitor temperature). 

- Connect sterile 200 pi glass capillary (Brand, Intramark) to pipette aid 
(Tecnomara, Pipetboy) 

- Put on mouth cover, head cover, and nonpowdered gloves. 

Oocyte Search (As Aspiration Proceeds) 

- Distribute follicular fluid over several preheated tissue culture dishes and 
shake gently so that the cumulus surrounding the oocyte is spread out. 

- Try to spot the oocyte with the naked eye: the cumulus appears as a 
transparent stria reminiscent of egg white; the oocyte with the corona ra- 
diata normally appears as a minute, white spot in the cumulus. 

- Evaluate oocyte maturity under the microscope (Leitz/Fluovert) at smallest 
(x 40) and second-smallest (x 125) magnification 

- Take prepared dish out of incubator, remove lid. 

- Briefly rinse glass capillary in well no. 1: aspirate some liquid and release, 
aspirate some liquid again. 
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Table 7. Sperm preparation for IVF. Source: Central IVF Register 1995 



Method Cycles Transfers Fertilisation Polyploid PN/ Pregnancies Preg/ET 

rate (%) oocytes 



Percoll filter 


4176 


2999 


51.6 


3.8 


933 


31.1 


Swim-up 


5087 


3875 


50.1 


2.9 


926 


23.9 


Centrifuge 


1315 


1008 


50.9 


1.5 


166 


16.5 


Glass wool 
filter 


178 


149 


49.1 


6.4 


24 


16.1 


Pentoxyfylline 
or equivalent 


285 


218 


57.4 


4.9 


49 


22 




Fig. 15. a Mature oocyte with expelled polar body; metaphase II of meiosis. x 400 b For 
comparison: immature oocyte with clearly visible germinal vesicle; prophase I of 
meiosis. x 400 
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Fig. 15b 



- Place capillary above oocyte and aspirate oocyte. Drop oocyte into well no. 1 
(no microscope required). 

- Wash oocyte: rinse capillary in well no. 1 (to remove follicular fluid), pick 
up some medium from well no. 2, pick up oocyte again and drop in well no. 
2 (no microscope required). Remove remaining fluid from capillary. 

- Close culture dish, place into incubator. 

- Use several incubators and organize procedure in such a way as to have as 
long intervals between incubator opening as possible. 

- Carry out the whole operation as quickly as possible. Do not speak or cough 
etc. over the oocyte. Make sure that as little liquid as possible is entrained 
into next well. 

- Record oocyte data in a form, optionally adding cumulus size. 

- Process the other aspirates as described. 



In Vitro Fertilization 



291 



Schematic 
diagram of the 
oocyte and 
its envirpnment 
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w 


Maturational 

status 


mature 

(+++) 


intermediate maturity 
(++) 


immature 

(+) 


Oocyte 


round clear 
cytoplasm, first 
polar body may 
be visible 


cytoplasm and 
zona pellucida 
barely visible 


invisible 

oocyte 


Cumulus 

oophorus 


low cell density, 
expanded 
silvery-white 
sticky 


relatively high 
cell density 


very high cell 
density, additional 
cell aggregates 
present in most 
cases 


Corona 

radiata 


relatively low cell 
density, may be 
radiate 


high cell density 


very high cell density 



Fig. 16. Morphological evaluation of the maturity of oocyte-cumulus complexes (Veeck 
et al. 1983) 




Fig. 17. Pipette aid (Brand) with connected glass capillary to pick up the oocytes 
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- When each culture dish contains one oocyte, add a second one per dish, 
then a third one, etc. 

Sperm Collection and Preparation 

Since the introduction of IVF a wide variety of sperm preparation methods 
have been used worldwide. Varying methods have been developed by different 
laboratories (Table 7), but improved techniques have failed to significantly 
increase the fertilization rate if the semen sample is of poor quality. A survey 
among German IVF laboratories in 1993 showed that sperm preparation is by 
far the least established procedure: nearly half of all IVF centers polled had 
changed their technique in the previous 3 years (Seifert-Klauss et al. 1994). 

Goal of Sperm Preparation 

- Removal of seminal plasm, which prevents capacitation and fertilization of 
the oocyte. 

- Concentration of progressively motile sperm. 

- Removal of detritus and contaminants. 

Sperm Collection. If possible, the man delivers his semen about 2 h before the 
scheduled insemination by masturbating into a sterile beaker after at least 2 
days’ sexual abstinence. In exceptional cases cryosperm is used. Some centers 
recommend keeping a frozen semen sample in reserve in case the man is 



Table 8. Semen quality 



a: Normal semen parameters according to WHO (1992) 



Volume 



2.0 ml or more 
7.2-8.0 

20 X 10^/ml or more 
40 X 10^ per ejaculate or more 
> 50% with progressive motility 
(i.e., category “a” and “b”) 



pH 

Sperm count 
Total sperm count 
Motility 



Morphology 



or 

> 25% with fast linear motility (i.e., 
category “a” 

within 60 min after collection) 

> 30% of normal shape 



b: Nomenclature of some semen parameters 



Normozoospermia 

Oligozoospermia 

Asthenozoospermia 



Normal semen quality as defined above 
Sperm count below 20 x 10^/ml 

< 50% sperm with progressive 
motility (categories “a” and “b”) or < 
25% sperm with fast linear motility 
(category “a”) 

< 30% sperm with normal morphology 



T eratozoospermia 



Oligo-astheno-terato-zoospermia All three variables are impaired 



Azoospermia 

Aspermia 



No sperm in ejaculate 
No ejaculate 
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unable to deliver sperm at the scheduled time. After a liquefaction period of 
15-30 min, the sperm are evaluated (according to the 1992 WHO criteria; 
Table 8). They are counted in a Makler chamber under the microscope and 
classified as follows: 

- Quick progressive motility 

- Slow or sluggish progressive motility 

- Nonprogressive motility 

- Immobility 



Percoll Gradient Technique 

Principle. Because they have a higher density, centrifugation causes the motile 

sperm to accumulate at the bottom of a medium with discontinuous density 

gradients (Fig. 18). 

Method 

- Percoll is pipetted into tubes in declining concentrations, liquefied seminal 
plasma is overlayed and centrifuged. 

- The pellet with motile sperm located in the higher density layer is retrieved, 
resuspended in culture medium, recentrifuged, and resuspended again. 

- The Percoll gradient method reduces the amount of cellular detritus, 
especially leukocytes (Bolton et al. 1986) and increases the percentage of 
motile sperm significantly (Pousette et al. 1986). 



Liquefied 

ejaculate 

Percoll 

40% 



Percoll 

ao% 





Waah In 
IV F medium 







Centrifuge 



f 




Insemination 



Fig. 18. Sperm preparation with the Percoll technique 
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Sperm Preparation Steps Using Percoll 

- After collection allow 15-30 min for the semen to liquefy at room tem- 
perature. 

- Count 10 pi the liquid semen in a Makler chamber (Sefi Medical Instru- 
ments (Fig. 19). 

- Prepare two Percoll gradients (40%/80%) in conical 15 ml centrifuge tubes 
(Becton Dickinson). 

- 1 ml 80% Percoll medium (Medicult Linaris) is pipetted into the first cen- 
trifuge tube and carefully overlaid with 1 ml 40% Percoll medium. A second 
gradient is then prepared in the same way. 

- Layer equal portions of liquefied semen over both Percoll gradients. 

- If sperm volume is less than 1 ml, only use one gradient. 

- Centrifuge at 300 x g for 20-30 min (e.g., Megafuge 1.0, Heraeus Sepatech) 

- Reject supernatant and resuspend the sperm pellets accumulated at the 
bottom of the two centrifuge tubes in 1.5 ml each of Universal IVF Medium 
(Medicult Linaris), then unite the contents of both tubes. 

- Centrifuge at 550 x g for 10 min 




Fig. 19. a Makler chamber for counting sperm (Sefi Medical Instruments, Haifa, Israel), 
b Counting grid in the cover plate of the Makler chamber (the number of sperm in ten 
squares of the grid equals the sperm concentration in millions per milliliter), c Makler 
chamber with sperm and counting grid, x 400 








j 











296 



T. Rabe et al. 




Fig. 20. Sperm preparation using the swim-up technique 



- Resuspend pellet in 0.2 ml Universal IVF Medium- Count 10 pi sperm sus- 
pension in the Makler chamber (Fig. 19) and use the rest for insemination 
(50 000-100 000 sperm of good motility per chamber). 



Swim-Up Technique 

Principle. After centrifugation the progressively motile sperm actively migrate 

from the pellet to fresh medium, so that they can be selected for insemination 

(Fig. 20). 

Method 

- The ejaculate is mixed with culture medium and centrifuged. 

- The supernatant containing seminal plasma is rejected, while the sperm- 
containing pellet is carefully overlaid with fresh culture medium. 

- During subsequent incubation (5-60 min) the motile sperm migrate into the 
medium. Part of the supernatant is aspirated with a pipette and used for 
insemination. 

Sperm Preparation Using the Swim-Up Technique 

- Allow semen to stand at room temperature for 15-30 min after collection 
until it has liquefied. 

- Pipette liquid semen into a round-bottom tube (Becton Dickinson, Falcon 
2001), add equal volume of Universal IVF Medium, mix well. 

- Measure 10 pi dilute semen in the Makler chamber (Fig. 19), bearing in 
mind dilution factor. 
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- Meanwhile, centrifuge the sperm at 550 x g for 10 min, then reject super- 
natant and resuspend the sperm accumulated at the bottom of the tube 
(pellet) in approx. 3 ml Universal Medium. 

- Centrifuge at 550 x g for 10 min, reject supernatant. 

- Carefully overlay pellet with 1 ml Universal IVF Medium and place tube into 
the CO 2 incubator (e.g., Labotec Gasboy 40°C). 

- When the sperm migrating from the pellet turn the overlaid medium opaque 
(after about 5-60 min), 200 pi is pipetted off from the surface of the 
overlaid medium and transferred into a smaller tube (Becton Dickinson, 
Falcon 2003). 

- 10 pi of the sperm suspension is counted in the Makler chamber (Fig. 19). 

- Inseminate with 50 000-200 000 sperm per chamber. 



Further Sperm Preparation Methods 
Mini-Swim-Up Technique 

Principle. Concentration of motile sperm in the smallest possible volume of 
medium in cases of oligo-astheno-teratozoospermia of varying severity. 

Procedure 

- After sperm preparation according to the Percoll or Swim-up techniques (see 
above), the pellet obtained after the last centrifugation is resuspended in 1 ml 
Universal IVF Medium and transferred into an Eppendorf reaction tube. 

- Centrifuge at 550 x g, 2-3 min. 

- Carefully lift off supernatant with an Eppendorf pipette. 

- Overlay pellet with 20-50 pi universal IVF medium. 

- Incubate for a few minutes to several hours. 

- Use part or all of the supernatant for insemination or injection (for in- 
tracytoplasmic sperm injection). 

Centrifugation 

Principle. Separation of cellular (sperm, round cells, etc.) and acellular (seminal 
plasma) semen components by centrifugation. 

Procedure 

- The semen is mixed with medium and centrifuged once or repeatedly at 
250-550 X g. 

- The sperm-containing pellet is resuspended and used for insemination. 
Glass Wool Filtration 

Principle. Dead sperm or sperm with surface defects (morphologically defective 
sperm) adhering to glass wool are separated from motile sperm passing the 
filter. 
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Procedure 

- Press 15-20 mg each of glass wool (code 112, John Manville, Oak Brook II, 
Denver, Col., USA) into the bottom of insulin syringes. 

- Rinse the glass wool filter with a few milliliter of medium. 

- Add the semen, which passes the glass wool filter by gravitation. 

Pentoxyfylline and 2-Desoxyadenosine 

Both substances are used to improve sperm motility. Since they have been 
associated with alterations of intracellular mechanisms, for example, changes 
in intracellular calcium transport and RNS transcription, pentoxyfylline and 2- 
desoxyadenosine cannot be recommended at present (Tournaye 1994). 



Insemination of Oocytes 

Method. After aspiration the oocytes are cultured for a few hours in the CO 2 

incubator before they are inseminated. 

- The oocytes are inseminated in Microwell dishes. Approximately 100 000 
motile sperm of the category “a” (see above) are added to the culture 
medium containing the oocytes. In the case of poor sperm quality up to 
500 000 sperm of good motility may be added to each well. However, the 
oocytes should then be transferred to fresh medium earlier as the nutrients 
in the medium are metabolized quicker by more sperm. 

- Time of insemination: 4-6 h after aspiration. 

- However, no differences in terms of fertilization and pregnancy rates have 
been found when the oocytes were inseminated 3-20 h after oocyte harvest 
(Fisch et al. 1989). 

- Insemination is possible even 24 h after aspiration. 

- Oocytes which have not been fertilized may also receive an intracytoplasmic 
sperm injection 24 h later. 

Insemination Procedure 

- 4-6 h after follicular aspiration. (If Percoll technique is used, insemination 
should follow immediately after sperm preparation.) 

- Prepare pipette (Varipette/Eppendorf) and sterile pipette syringe (Pi- 
pettentips/Eppendorf). Loosen lid of tube containing sperm. 

- Take culture dishes with oocytes from incubator and place on warm plate. 

- Quickly inseminate one dish after the other. Open lid and add the calculated 
sperm quantity to the oocyte(s) in well no. 2. Dip pipette tip some distance 
into the medium, steering clear of the cumulus, which could adhere to the 
tip. Close lid. 

- Inspect one dish under the microscope to check whether enough sperm have 
been added. 

- Put dishes back into incubator. 
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Oocyte and Embryo Culture 

Method. After insemination the oocytes are cultured for another 16-20 h. By 
this time most cumulus cells have been dispersed by the activity of the sperm 
(Fig. 21). The granulosa cells which remain attached to the oocytes and prevent 
their evaluation are removed so that any pronuclei (PN) become clearly visible 
(Fig. 22). 

Oocytes with an aberrant number of pronuclei (Fig. 23) are not unusual 
after in vitro fertilization; according to literature, the incidence varies between 
1% and 25%. After the first cleavage, these embryos are indistinguishable from 
those with a normal set of chromosomes. It is therefore crucial to determine 
the number of pronuclei before fusion (Veeck 1991). Oocytes with an aberrant 
number of pronuclei are not suitable for embryo transfer. 

Up to three oocytes at the pronuclear stage (2 PN) are cultured in the 
incubator for another 24-30 h. By then they will have reached the four- to 
eight-cell stage and can be transferred to the patient. Any remaining oocytes 
are cryopreserved or rejected as the couple desires. 




Fig. 21. a Human oocyte, dispersed cumulus; pronuclei cannot be evaluated (about 18 h 
after insemination), x 200 b Human oocyte with dispersed cumulus. The granulosa cells 
adhering to the bottom of the culture dish can be readily distinguished from ery- 
throcytes entrained into the culture medium along with follicular fluid; pronuclei cannot 
be evaluated, x 400 
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Fig. 22. a Three human oocytes at the pronuclear stage. The granulosa cells have been 
removed, two pronuclei can be seen at the center of each ooplasm (approx. 18 h after 
insemination), x 200 b Human oocyte. Most granulosa cells have been removed; two 
pronuclei are located at the center of the ooplasm (approx. 18 h after insemination). 
X 400 



Procedure of PN Monitoring 

- Inspection pipette with mouth tube (oocyte pipette/international Medical; 
Fig. 24). 

- Switch on microscope (Leitz/Fluovert) at minimum light intensity. 

- Take micro well dishes out of incubator one after the other. First evaluate 
oocyte under the microscope while keeping lid on dish (x 100; low light 
intensity). At the same time, check for sperm motility (x 250). 

- Lift lid, briefly rinse capillary in medium and reject rinsing liquid. 

- After taking in fresh medium, aspirate oocyte under the microscope (x 40) 
and place into fresh medium (well no. 3). 

- Wash oocyte using a pipette (repeated aspiration and release) until the 
oocyte is practically free of granulosa cells. Close lid. 

- Evaluate pronuclei at x 40-250 magnification, place culture dish into in- 
cubator. 

- Record number of pronuclei and oocyte morphology. 

- Continue with the other culture dishes as described above. 

- Once all oocytes have been freed of their granulosa cells, select three oocytes 
at pronuclear stage for transfer and place into a well together. 





Fig. 23. Human oocyte with three pronuclei (approx. 18 h after insemination), x 400 



Fig. 24. a Inspection pipette (oocyte pipette/interna- 
tional Medical) with mouth tube for PN control, b Tip 
of inspection pipette compared with a match 
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Selection Criteria 

- Oocyte morphology (cytoplasm, fragmentation). 

- Duration of granulosa cell removal step. 

- Thickness of zona pellucida. 

- Arrange time of transfer with physicians and patient. Ask patient to come 
with a full bladder (which normally facilitates introduction of embryo 
transfer catheter). 

Embryo Transfer 

Method. About 48 h after insemination, the embryos are transferred to the 
uterus of the patient. At this time the embryos are at the two- to eight-cell stage 
(Fig. 25a-c). The oocytes may have divided equally (blastomeres of equal size) 
or be more or less highly fragmented (Fig. 25d). Occasionally oocytes do not 
start dividing but degenerate instead (Fig. 25e). 

Technique. The embryos are normally picked up in a small volume (< 75 pi) of 
culture medium by a rigid polyfluoroethylene catheter (internal diameter 0.8- 
1 mm) connected to an insulin syringe. The catheter is advanced into the 
uterus through the cervical canal until its tip is close to the fundus. The full 
bladder of the patient facilitates catheterization. If the cervical canal proves 
difficult to pass, a metal guide catheter may also be used and the embryos 
transferred through a second catheter pushed into the guide catheter (see 
below). 

Patient Position. The embryos may be transferred in lithotomy position. 

Anesthesia/Medication. Analgesia or anesthesia is not required in most cases. If 
necessary, mild general anesthesia (induction with thiopental, maintenance 
with 02 /N 20 /halothane) may be considered. 

Number of Embryos Transferred. In order to reduce the risk of multiple preg- 
nancy, not more than three embryos may be transferred (statutory stipulation 
in Germany). However, some countries allow the transfer of more than three 
embryos. 

Follow-Up Treatment. Many centers ask their patients to remain in the position 
of transfer for a period of several minutes to several hours. There are no 
reliable studies on the strengths and weaknesses of this practice, but it is 
perceived as a pleasant experience by many patients. 

Procedure of Embryo Transfer. The embryos are transferred in lithotomy po- 
sition without medication using a disposable embryo transfer catheter kit 
(T.D.T. Set, Laboratoire C.C.D., Paris, France; Fig. 26). Sterile unpowdered 
gloves should be worn (Hygienehandschuh, Beiersdorf, Hamburg). 
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Fig. 25c, d 





d 




In Vitro Fertilization 



305 




Fig. 25. a Human embryo at two-cell stage (approx. 48 h after insemination), x 400 b 
Human embryo at four-cell stage (approx. 48 h after insemination), x 400 c Human 
embryo at eight-cell stage (approx. 48 h after insemination), x 125 d Two human embryos 
about 48 h after insemination: right, an equally divided embryo at the four-cell stage, left, 
a highly fragmented embryo, x 200 e Fertilized human oocyte which has failed to develop 
into an emb^ryo. Both pronuclei are still visible inside the degenerate oocyte, x 400 



- Rinse sterile insulin syringe (Braun Melsungen) three times with PBS buffer 
(Biochrom) to remove lubricant, keeping syringe sterile. 

- Take Universal IVF Medium into syringe. Remove air bubbles. 

- Firmly attach filled insulin syringe to sterile transfer catheter and rinse 
catheter with Universal IVF Medium, filling the syringe only to a certain 
self-selected level, say 0.5 ml, which must be sufficient for the medium to 
emerge from the catheter tip (the volume of the catheter is 0.2 ml). 

- Put the catheter so prepared aside using sterile technique. 

- The guide catheter is handed to the physician using sterile technique. 
Meanwhile the physician has introduced the speculum into the external os 
and swabbed it carefully with physiological saline. 

- The guide catheter is passed atraumatically through the external os to a 
depth of at least 7, preferably 7.5 cm. If possible, do not use instruments to 
extend the uterus. The tip of the catheter should be placed adjacent to the 
uterine fundus. 

- After placement of the guide catheter the culture dish containing the em- 
bryos is taken out of the incubator. 
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Fig. 26. Embryo transfer catheter kit T.D.T. Set, Laboratoire C.C.D., Paris, France. Ca- 
theter no. 1: guide catheter. Standard Fryman Catheter, with flexible, distal segment 
(4.5 cm) and plastic-coated metal guide to catheterize the uterus. Catheter no. 2: ul- 
trathin Teflon catheter for embryo injection 

- Under the microscope (minimum light intensity) the embryos are taken 
from the culture dish (well no. 3) into the transfer catheter in a specific 
sequence (Fig. 27), using sterile technique. 

- Keep front part of the catheter warm and protect it from light by holding it 
between finger and thumb. Hold the syringe on the other end of the catheter 
with the other hand and carry it to the patient. 

- Introduce transfer catheter into guide catheter. 



Fig. 27. Principle of embryo pick-up into transfer catheter 
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- Advance catheter to at least the first mark of the guide catheter (7 cm). No 
resistance should be felt. 

- Retract guide catheter slightly without moving transfer catheter. 

- Embryo transfer: Slowly inject the embryos into the uterus. Do not inject 
more liquid (culture medium) than has entered the catheter when taking in 
the embryos (approx. 20 pi). The self-selected mark on the syringe (see 
above) helps assessing the volume to be injected: If the catheter and the 
syringe are filled with medium to a level of 0.5 ml before taking in the 
embryos, the amount injected equals the additional amount present in the 
catheter and the syringe after taking in the embryos. 

- Cautiously retract both catheters. 

- The liquid left in the catheter system after transfer is checked for any re- 
maining embryos under the microscope. Should any embryos have adhered 
to the catheter, they are immediately transferred into fresh medium, placed 
into the incubator, and the embryo transfer is repeated. 

- The patient is asked to in her position for a few minutes. The success of IVF 
with embryo transfer (ET), expressed as pregnancies per transfer, is cur- 
rently about 25% according to data provided by German- speaking working 
groups (Table 9). 

The success of IVF-ET depends on many factors: 

- Indication for IVF-ET: The best results of IVF-ET have been achieved in 
cases of tubal infertility. In cases of male subfertility, endometriosis, and 
unexplained infertility results have been less positive. 

- Quality of the embryos transferred: It is difficult to assess the quality of 
embryos based on morphological and biochemical criteria. Morphologically 
intact embryos are considered to have a good chance of continued devel- 
opment. 

The quality of the embryo probably depends on oocyte development and 

culture conditions. 

- Number of embryos transferred: The pregnancy rate rises with the number of 
embryos transferred. On the other hand, the risks related to multiple 
pregnancy must be considered. 



Table 9. IVF results (from German 
Central IVF Register 1994) 



Working groups 


« = 43 


Cycles with follicular aspiration 


n = 9214 


Fertilization rate (Ooz.) 


52.1% 


Cycles with embryo transfer 


n = 6336 


Mean number of embryos 


d = 2.5 


Pregnancies 


n = 1737 


Pregnancies per aspiration 


18.8 


Pregnancies per transfer 


27.4 


Abortions 


n = 334 


Term pregnancies 


n = 1204 


Term pregnancies per ET 


19 
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- Patient age: The pregnancy rate per embryo transfer declines significantly 
after the age of 40. The cause of this reduced fertility is declining ovarian 
function rather than poor uterine/endometrial quality. 

- Uterine anomalies: Uterine septi and other congenital deformities, adeno- 
myomas, intrauterine infections, adhesions, for example, after an abortion, 
may compromise implantation. 

- Readiness of the endometrium for implantation: It is difficult to assess the 
significance of endometrial status for implantation and maintenance of 
pregnancy. The following factors seem to play a role: 

- Asynchronicity between embryo development and endometrial matura- 
tion. The embryos are transferred approx. 48 h after follicular aspiration, 
while the embryos of oocytes fertilized in vivo implant in the uterine 
cavity after 5-7 days. 

- Adequate endocrine function during the luteal phase. 

- Endometrial secretion proteins/leukotrienes and immunological factors 
may also play a role in embryo development. 

- Technique of embryo transfer: Embryos should be transferred nontr- 
aumatically. If they are transferred through the cervical canal, bacterial 
contamination of the uterus cannot be ruled out completely. The ultra- 
sound guidance of embryo transfer has not yielded an improved success 
rate. 

The transfer of embryos by the surgical route, i.e., uterine puncture, has not 
become common practice. 
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Introduction 

Since the birth of Louise Brown in July 1978 in vitro fertilization (IVF) has 
been successful in the treatment of long-standing infertility due to tubal disease 
and idiopathic and male-factor infertility. It is a well documented that the 
results of IVF in male infertility are not as good as those in patients with 
normal semen parameters. In andrological infertility the fertilization rate of the 
inseminated oocytes is much lower than in patients with tubal infertility and 
normal semen parameters (Tournaye et al. 1992). Absence of fertilization oc- 
curs in about one-third of the cycles. It has been the experience of all centers 
for reproductive medicine, including our own, that a certain number of pa- 
tients with andrological infertility cannot be helped by standard IVF treatment. 
Furthermore, a sizeable number of couples cannot be accepted for IVF if the 
number of progressively motile spermatozoa with normal morphology avail- 
able for insemination is below a certain threshold number such as 500 000. The 
latter group includes, of course, the patients with obstructive and non- 
obstructive azoospermia. 

In the past decade assisted fertilization procedures have been developed to 
circumvent the barriers that prevent sperm access to the ooplasma, namely the 
zona pellucida and the ooplasmic membrane. Successful fertilization, embryo 
development, pregnancies and births have been reported after partial zona 
dissection (PZD) and subzonal insemination (SUZI; Cohen et al. 1992; Fishel et 
al. 1992; Ng et al. 1991). 

In 1992 the first pregnancies and births obtained by a novel procedure of 
assisted fertilization, i.e., intracytoplasmic sperm injection (ICSI) were re- 
ported by our group (Palermo et al. 1992). In rabbits and cattle, embryos 
obtained by ICSI have been transferred to recipient mothers and live offspring 
have resulted (Iritani et al. 1991). Very recently ICSI was also successful in the 
mouse when a piezo-driven micropipette was used instead of a mechanically 
driven conventional pipette (Kimura and Yanagimachi 1995). The results of the 
first 600 cycles of assisted fertilization by SUZI and ICSI at the Brussels Free 
University Center, as well as a controlled comparison on 144 oocytes in 11 
cycles, indicated that the normal fertilization rate after ICSI is substantially 
higher than after SUZI, while the further in vitro development to transferable 
or freezable embryos is quite similar for the two procedures. The higher fer- 
tilization rate and similar cleavage rate resulted in more embryos for re- 
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placement after ICSI and high implantation rates have been obtained (Palermo 
et al. 1993; Van Steirteghem et al. 1993a; Van Steirteghem et al. 1993b; Van 
Steirteghem et al. 1993c). These results were further confirmed in the review of 
1275 ICSI treatment cycles carried out from October 1991 until December 
(Tournaye et al. 1995). 

This chapter summarizes the intracytoplasmic sperm injection procedure. 
Full details of the ICSI protocol were recently published on CD-ROM (Van 
Steirteghem et al. 1995). We also review the outcome of 2853 planned ICSI 
treatment cycles in 1953 infertile couples. These ICSI cycles were carried out 
between January 1991 and December 1994. ICSI was carried out in 2820 cycles 
since in 33 planned cycles there were no oocytes or no spermatozoa available 
for the assisted fertilization procedure. Three types of spermatozoa were used 
for the ICSI: (a) ejaculated spermatozoa (91% of the cycles), (b) epididymal 
spermatozoa (5% of the cycles), and (c) testicular spermatozoa (4% of the 
cycles). 



Patient Selection and Management 

ICSI can be carried in couples who have undergone at least one but more 
frequently more cycles of standard IVF procedure; after juxtaposition of the 
cumulus-oocyte complexes with 200 000 or more progressively motile sper- 
matozoa per milliliter, fertilization did not occur or occurred in a limited 
number of the inseminated oocytes. ICSI can also be carried out in couples 
with semen parameters too impaired to be accepted for standard IVF because 
after semen preparation fewer than, e.g., 500 000 progressively motile sper- 
matozoa with normal morphology were present in the total ejaculate. 

ICSI can also be carried out with fresh and frozen-thawed epididymal or 
testicular spermatozoa in couples with obstructive azoospermia due to con- 
genital bilateral absence of the vas deferens or failed vasovasostomy and va- 
soepididymostomy (Silber et al. 1994; Tournaye et al. 1994; Devroey et al. 1994, 
1995a; Silber et al. 1995). ICSI can also be carried out in some couples with 
nonobstructive azoospermia due, e.g., to Sertoli cell only syndrome or ma- 
turation arrest (Devroey et al. 1995b). 

The couples were fully informed about the novelty of the ICSI procedure and 
about its many unknown aspects. After extensive counseling they agreed and 
signed a consent form to have prenatal diagnosis and to participate in a 
prospective follow-up study of the children born after ICSI (Bonduelle et al. 
1994, 1995a,b, 1996; Liebaers et al. 1995a; Wisanto et al. 1995). 



Oocytes and Spermatozoa for Intracytoplasmic Sperm Injection 

Ovarian stimulation was carried out by a combination of gonadotropin-re- 
leasing hormone agonist and human menopausal gonadotropins. The ovula- 
tion was induced with human chorionic gonadotropins when at least three 
follicles measured 18 mm or more in diameter and when serum oestradiol 
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concentration were at least 1000 ng/1. The luteal phase was supplemented with 
intravaginally administered micronized progesterone (Smitz et al. 1988; Smitz 
et al. 1992; Smitz et al. 1993). 

Oocyte retrieval was carried out by vaginal ultrasound-guided follicular 
puncture 36 h after HCG. In all 36 425 cumulus-oocyte complexes were re- 
trieved in these 2820 cycles, i.e., a mean of 12.9 complexes per cycle. Inspection 
of these complexes under the inverted microscope revealed that in almost all 
cases the cumulus and corona cells were well dispersed. These complexes were 
transferred into 5-ml Falcon tubes with one ml of preequilibrated Earle’s 
medium and transported in a thermobox at 37°C to the microinjection la- 
boratory, which is located at a distance of about 500 m. 

The cells of the cumulus and corona cells were removed by a combination of 
an enzymatic and mechanical procedure: (a) incubation for about 1 min in 
HEPES-buffered Earle’s medium with about 60 lU hyaluronidase/ml and (b) 
thereafter aspiration of the cumulus-corona-oocyte complexes in and out of 
hand-drawn glass pipettes with two different diameters, first with an opening 
of 250-300 pm and then with an opening of 200 pm. Afterwards the oocytes 
were rinsed several times in droplets of HEPES-buffered Earle’s and B 2 medium 
and then carefully observed under the inverted microscope at x 200 magnifi- 
cation. This included an assessment of the zona pellucida and the oocyte as 
well as noting the presence or absence of a germinal vesicle or the first polar 
body. Of the 36 425 complexes, 34 572 (95%) contained an intact oocyte with an 
intact zona pellucida and clear cytoplasm. Analysis of the nuclear status re- 
vealed 81% of the cumulus-oocytes complexes contained metaphase II oocytes 
which had extruded the first polar body, 10% germinal-vesicle-stage oocytes 
and 4% metaphase I oocytes which had undergone breakdown of the germinal 
vesicle but had not yet extruded the first polar body. The oocytes were then 
incubated in 25-pl microdrops of B 2 medium covered by mineral oil at 37°C in 
an atmosphere of 5% O 2 , 5% CO 2 , and 90% N 2 . ICSI was carried out on all 
metaphase II oocytes. 

Before the start of the treatment cycle semen analysis and a semen selection 
procedure were carried out to verify whether enough spermatozoa were present 
to carry out ICSI. Semen analysis included the assessment of conventional 
semen characteristics by the procedures recommended by the World Health 
Organization (1992) except for sperm morphology, which was assessed by strict 
Tygerberg criteria after Shorr staining (Kruger et al. 1986). Semen values were 
considered normal if (a) sperm concentration was at least 20 x 106/ml, 
(2) progressive sperm motility was at least 40%, and (c) normal sperm mor- 
phology was at least 14%. The distribution of the semen characteristics of 
freshly ejaculated semen used for ICSI in 2524 cycles revealed that (a) normal 
semen parameters were present in 7% of the cycles, (b) a single sperm defect 
was present in 15% of the cycles, (c) a double sperm defect was present in 29% 
of the cycles, and (d) oligo-astheno-teratozoospermia was present in 49% of the 
cycles. 

The preparation of the ejaculated sperm for ICSI involved the following 
steps: (a) removal of the seminal fluid by washing with medium, by cen- 
triftigation at 1800 g for 5 min and removal of the supernatant, (b) a passage 
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through two or three layers of a discontinuous Percoll gradient, and (c) a final 
centrifugation step just prior to microinjection (Liu et al. 1994; Van Steirte- 
ghem et al. 1995). 

Epididymal sperm was usually recovered by microsurgery from the most 
proximal part of the caput of the epididymis. During the microsurgical epi- 
didymal sperm aspiration several sperm fractions were collected into separate 
tubes. Sperm fractions with similar concentration and motility were pooled 
and then treated in the same way as ejaculated semen. Whenever possible, a 
part of the freshly recovered sperm was frozen for later use to avoid surgery in 
subsequent cycles (Silber et al. 1994; Tournaye et al. 1994; Devroey et al. 
1995a). After thawing epididymal sperm was put on a discontinuous Percoll 
gradient and thereafter treated as ejaculated semen (Van Steirteghem et al. 
1995). 

Testicular spermatozoa were isolated from a testicular biopsy specimen. The 
testicular biopsy tissue was transferred into a petri dish with HEPES-buffered 
Earle’s medium and shredded into small pieces with sterile microscope slides 
on the heated stage of a stereomicroscope. The presence of spermatozoa was 
assessed on the inverted microscope. The pieces of the biopsy tissue were 
removed and the medium was centrifuged at 300 g for 5 min. The pellet was 
then resuspended for the intracytoplasmic sperm injection procedure (Dev- 
roey et al. 1994; Nagy et al. 1995a; Silber et al. 1995; Van Steirteghem et al. 
1995). 

Intracytoplasmic Sperm Injection Procedure 

The details of microtool preparation and microinjection procedure have been 
described in detail (Van Steirteghem et al. 1993a,b, 1995). Holding and injec- 
tion pipettes were made from washed borosilicate glass capillary tubes which 
were first pulled on a horizontal microelectrode puller and then with the help 
of a microgrinder and microforge a sharp opening was made at the end of the 
injection pipette. The injection pipette had a 5-6 pm inner and 7-8 pm outer 
diameter while the holding pipette had a 10-20 pm inner and 60-80 pm outer 
diameter respectively. Both needles were bent to an angle of about 40°. 

The injection dish contained 8 droplets of 5 pi HEPES-buffered Earle’s 
medium surrounding a central droplet of medium with 10% polyvinyl- 
pyrrolidone and 1 pi of the resuspended sperm droplet. The intracytoplasmic 
sperm injection procedure was carried out on the heated stage of an inverted 
microscope at x 400 magnification using the Hoffman Modulation Contrast 
system. The holding and injection pipettes were fixed into a tool holder and 
were connected to a micrometer-type microinjector. The movement of the 
pipettes was coordinated by two coarse positioning manipulators and with two 
three-dimensional hydraulic remote-control micromanipulators. 

A single, living, immobilized spermatozoon was aspirated tail first into the 
injection pipette. The oocyte was fixed on the holding pipette in a way that the 
polar body was situated at 6 o’clock while the injection pipette was pushed 
through the zona pellucida at the 3 o’clock position and into the cytoplasm. 
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where the sperm was delivered together with the smallest possible amount of 
medium (Nagy et al. 1995b). 

After injection the oocytes were washed and stored in 25-pl microdrops of 
B 2 medium in a petri dish and stored at 37°C in an incubator containing 5% 
CO 2 , 5% O 2 , and 90% N 2 . 



Fertilization and Embryo Development 
After Intracytoplasmic Sperm Injection 

Oocytes were inspected 16-18 h after microinjection for intactness and ferti- 
lization (Nagy et al. 1994). The number and aspect of polar bodies and pro- 
nuclei were recorded. Oocytes were considered to be normally fertilized when 
two individualized or fragmented polar bodies were present together with two 
clearly visible pronuclei. In these 2820 cycles ICSI was carried out on 29 415 
metaphase II oocytes, i.e., a mean of 10.4 oocytes per cycle. The number of 
intact oocytes after ICSI was 26228, i.e., 89.2% of the injected oocytes. The 
mean number of successfully injected oocytes was 9.3 per treatment cycle. The 
number of normally fertilized oocytes was 18 364, i.e., 70% of the successfully 
injected oocytes, 62.4% of the injected metaphase II oocytes and 50.4% of the 
retrieved cumulus-oocyte complexes. The number of abnormally fertilized 
oocytes was 991 one-pronuclear oocytes (3.8% of the intact oocytes) and 1194 
three-pronuclear oocytes (4.6% of the intact oocytes). One-pronuclear oocytes 
were reassessed for their pronuclear status a few hours after the initial ob- 
servation. In contrast to our standard IVF program, no change in pronuclear 
status was observed at the time of the second microscopic observation 
(Staessen et al. 1993a). If these abnormally fertilized oocytes cleave they are not 
transferred. This parthenogenetic activation may be due to mechanical or 
chemical factors. It may come as a surprise to observe three-pronuclear oo- 
cytes after the injection of only one spermatozoon into the ooplasm. We 
carefully observed the polar bodies at the time of fertilization, and it is obvious 
that the three pronuclei were mostly due to nonextrusion of the second polar 
body at the time of fertilization. 

Damage, normal fertilization rates, and embryo development after ICSI were 
analyzed for the three types of sperm used to carry out ICSI (Table 1). The 
proportion of intact oocytes was 89% or 90%, and the normal fertilization rate 
varied from 58% to 71% of the intact oocytes. The percentage of normally 
fertilized oocytes was significantly higher with ejaculated semen (71%) than 
with fresh or frozen-thawed epididymal sperm (58%) or testicular sperm (60%; 
Table 1). 

The exceptional circumstances in which none of the injected oocytes were 
normally fertilized occurred when (a) only one metaphase II oocyte was 
available for ICSI, (b) only totally immotile spermatozoa were available for the 
injection, (c) gross abnormalities were present in the oocytes, (d) round- 
headed spermatozoa were injected, and (e) when all oocytes were damaged by 
the injection procedure. The majority of these patients achieved fertilization in 
a subsequent cycle (Liu et al. 1995). 
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Table 1. Damage, fertilization, and embryo development after ICSI 
with ejaculated, epididymal, and testicular spermatozoa 





Ejaculated 


Epididymal 


Testicular 


Cycles 


2 572 


128 


120 


Oocytes injected 


26 343 


1628 


1444 


% intact after ICSI 


89 


90 


89 


% of intact oocytes with 2PN 


7ia 


58^ 


60^ 


2-PN embryos 


16 758 


844 


767 


Percent transferable embryos 
Percent embryos transferred 


74 b 


67^ 


7lb 


or frozen 


65 


63 


68 



= 0.0001 by y 2 contingency table 
= 0.0001 by y 2 contingency table 



The embryo cleavage of the two-pronuclear oocytes was evaluated after a 
further 24 h of in vitro culture. The cleaving embryos were scored according to 
the equality of size of the blastomeres and the number of anucleate fragments. 
These embryos were classified into three categories according to the percentage 
of anucleate fragments: (a) excellent type A embryos (without anucleate frag- 
ments), (b) good-quality type B embryos (between 1% and 20% of the volume 
filled with anucleate fragments), and (c) fair-quality type C embryos (between 
21% and 50% anucleate fragments). Cleaved embryos with less than half of 
their volume filled with anucleate fragments were eligible for transfer. If su- 
pernumerary embryos with less than 20% anucleate fragments were available, 
they were cryopreserved on day 2 or 3 after oocyte retrieval using the slow- 
freezing protocol with dimethylsulfoxide (Van Steirteghem et al. 1994; Van der 
Elst et al. 1995). 

The total number of embryos of sufficient quality to be transferred, i.e., 
those with less than 50% anucleate fragments was 13 479, i.e., 73.4% of the two- 
pronuclear oocytes, 51.4% of the successfully injected oocytes, 45.8% of the 
injected metaphase II oocytes and 37.0% of the retrieved cumulus-oocyte 
complexes. 

The percentages of two-pronuclear oocytes which developed to transferable 
embryos and which were actually transferred or frozen when ICSI was carried 
out with ejaculated, epididymal, and testicular spermatozoa are summarized in 
Table 1. The percentage of transferable embryos was higher after ICSI with 
ejaculated semen (74%) than after ICSI with epididymal (67%) or testicular 
spermatozoa (71%). The percentage of embryos which were acutally trans- 
ferred or frozen were similar for the three types of spermatozoa used in the 
ICSI procedure. There was no difference in the percentage of excellent quality 
type A embryos (7%-9%), good-quality type B embryos (46%-53%) and fair- 
quality type C embryos (13%-14%) when ICSI was carried out with ejaculated, 
epididymal, or testicular spermatozoa. 

The total number of embryos, which were actually transferred or frozen (less 
than 20% anucleate fragments) was 11983, i.e., 65.3% of the two-pronuclear 



318 



A. Van Steirteghem et al. 



oocytes, 45.7% of the successfully injected oocytes, 40.7% of the injected me- 
taphase II oocytes and 32.9% of the retrieved cumulus -oocyte complexes. 



Outcome of Embryo Transfers, Obstetrical Outcome, Prenatal Diagnosis, 
and Children Follow-Up 

An embryo replacement was possible in 2608 of the 2820 treatment cycles 
(92.6%). This is a high transfer rate for couples with previous fertilization 
failure in standard IVF, with ejaculated sperm too poor to be included in IVF 
or with obstructive or nonobstructive azoospermia. As indicated in Table 2 the 
percentage of transfers was similar in the four groups of ejaculated semen 
parameters; the transfer rate varied from 92% to 94% of the cycles. The dis- 
tribution of transfers with one, two, three, or more than three embryos was also 
similar in the four groups of semen parameters. Except for some patients older 
than 40, the number of embryos replaced was limited to a maximum of two or 
three embryos (Staessen et al. 1993b). 

The number of patients with positive serum HCG was 964, i.e., a 36.9% 
pregnancy rate per transfer and 34.2% per started cycle. As indicated in Ta- 
ble 3, the pregnancy rate per transfer was similar for ICSI with ejaculated 
(37%), epididymal (43%), and testicular sperm (40%). The pregnancy rate was 
especially high when an elective transfer of two or three embryos could be 
carried out. 

Because of the novelty and the many unknown aspects of ICSI, the couples 
were asked after extensive counseling to adhere to the follow-up conditions, 
which include genetic counseling, agreement to prenatal testing and partici- 
pation in a prospective clinicd follow-up study of the children (Bonduelle et al. 
1994, 1995a,b, 1996; Liebaers et al. 1995a; Wisanto et al. 1995). 

As of September 1995, 585 prenatal diagnoses have been carried out in 
pregnancies after ICSI. Of these 585 samples obtained through either chorionic 
villus sampling or amniocentesis, six (1%) chromosomal anomalies were ob- 
served. five were sex-chromosomal aberrations; two were 47, XXY, one was 47, 
XXX, one was 47, XYY, and one was a mosaic 46, XX/47, XXX; the remaining 
one was a trisomy 21. These data show that there might indeed be a slightly 
increased risk of sex chromosomal anomalies in children conceived after ICSI 



Table 2. ICSI and number of embryos transferred in relation to the ejaculated sperm 
parameters: sperm parameters 





Cycles Transfers 


1 




2 




3 




> 3 








n 


(%) 


n 


(%) 


n 


(%) 


n 


(%) 


n 


(%) 


Normal 


175 


162 


93 


18 


11 


45 


28 


87 


54 


12 


7 


1 anomaly 


377 


350 


93 


22 


6 


115 


33 


192 


55 


21 


6 


2 anomalies 


731 


685 


94 


52 


8 


236 


35 


360 


53 


37 


5 


3 anomalies 


1241 


1139 


92 


105 


9 


405 


36 


575 


51 


54 


5 
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Table 3. Sperm origin and outcome of embryo transfer after ICSI 





Ejaculated 




Epididymal 


Testicular 




n 


% 


n 


% 


n 


% 


Cycles 


2572 


_ 


128 


_ 


120 


_ 


Transfers 


2382 


93 


117 


91 


108 


90 


Pregnancies/transfers 
1 embryo 


21/204 


10 


1/7 


14 


2/14 


14 


2 embryos 


78/321 


24 


3/15 


20 


4/13 


32 


2 embryos (elective) 


218/488 


45 


3/14 


21 


3/12 


25 


3 embryos 


253/694 


36 


17/37 


46 


10/21 


48 


3 embryos (elective) 


254/544 


47 


17/24 


71 


11/20 


55 


> 3 embryos 


47/131 


36 


9/20 


45 


13/28 


46 




871/2382 


37 


50/117 


43 


43/108 


40 


Pregnancies/cycle 


- 


34 


- 


39 


- 


36 



as compared with the incidence of the general population or at prenatal di- 
agnosis carried out because of maternal age. The six abnormal karyotypes were 
observed in children from women between 25 and 32 years old except the 46, 
XX/47, XXX and the 47, XY + 21 which occurred in women 44 and 41 years 
old. Two pregnancies were terminated: the 47, XX + 21 and one of the 47, 
XXY’s. The pregnancy with the mosaic karyotype ended at 38 weeks’ gestation 
with an intrauterine death for no apparent reason; necropsy failed to reveal any 
abnormality. 

As of September 1995, in 877 children born after ICSI, 23 (2.6%) of major 
malformations leading to functional impairment or necessitating surgery have 
been observed. This malformation rate is similar to the numbers observed in 
population surveys or in children born after assisted procreation procedures 
other than ICSI (Liebaers et al. 1995b). 

Although there is no indication of an increase in major congenital mal- 
formations after replacement of embryos obtained after ICSI, it is important to 
continue this careful prospective follow-up study of the children in different 
centers practicing ICSI. This is one of the goals of the Task Force on ICSI 
established by the European Society of Human Reproduction and Embryology 
(Bonduelle et al. 1995b). 
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Assisting Reproduction with the Use of Donor Eggs 

J.P. Toner and B.M. Faber 



Introduction 

For many years, sperm donation for artificial insemination has been available 
for the treatment of male factor infertility. With the development of assisted 
reproduction technologies (ART) during the 1980s, new therapeutic options 
became available for the treatment of infertility in general. One such devel- 
opment is the use of donated eggs with in vitro fertilization (IVF) in women 
with abnormal eggs or impaired ovarian function. 

In the most common contemporary approach, a known or anonymous 
volunteer first undergoes controlled ovarian hyperstimulation to produce 
multiple eggs. The eggs are retrieved transvaginally and fertilized with the 
sperm of the recipient’s partner using standard IVF techniques. A limited 
number of the resultant embryos are then transferred to the recipient, who has 
been hormonally synchronized during the same cycle (or the embryos may be 
cryopreserved for transfer at a later time). In one variation of the basic ap- 
proach, the egg donor is herself infertile, and her eggs are divided between her 
and a recipient couple once they are retrieved. Human pregnancies following 
donor egg IVF were first reported in 1984 [1]. Today 135 programs in the 
United States and other countries offer donor egg IVF to couples who might 
otherwise never achieve pregnancy without this intervention. According to the 
Society for Assisted Reproductive Technology’s 1993 report, the ongoing 
pregnancy rate for women using donated eggs was 30.2% (in 2766 cycles), 
which compares very favorably to the rate of 18.6% (in 31900 cycles) seen 
among women using their own eggs [2]. This has led to the realization that the 
decline in pregnancy rates in conventional IVF depends much more on the age 
of the egg than on the age of the uterus, although both play some role. Con- 
sequently it has been very gratifying to many women that the use of donor eggs 
can overcome their own difficulties in conceiving even when their age is re- 
latively advanced. 

Since the present volume is intended as a practical manual for the practice 
of ART than a review of its historical background, scientific deductions, and 
variations in practice patterns, we attempt be concise and practical in dis- 
cussing the management of a donor egg program. We begin by considering 
current indications for the use of donated eggs, then discuss our view of an 
appropriate evaluation and screening of potential egg recipients, and the risks 
that this form of ART may impose upon the recipient. Next we consider the 
selection of eggs donors, their screening, and the potential risks they face. The 
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matching process, a synchronization protocol, and post-transfer management 
are described. The chapter concludes with a consideration of some features of 
the donor egg program at the Jones Institute. 



Donor Egg Recipients 

Indications 

A primary indication for the use of donor eggs is premature ovarian failure 
(POP), defined as hypergonadotropic hypogonadism occurring before the age 
of 40 years. The etiology of POP is often idiopathic. Autoimmune causes are 
also common. It is estimated that POP affects approximately 1% of women [3]. 
Other causes of POP are iatrogenic and include bilateral oophorectomy, irra- 
diation, and chemotherapy especially with alkylating agents. Purther causes 
include abnormalities of the X-chromosome (e.g.. Turner’s syndrome), con- 
genital thymic aplasia, galactosemia, and the resistant ovary syndrome (Sa- 
vage’s syndrome) [4]. 

Incipient ovarian failure is a second indication for the use of donated oo- 
cytes. Egg donation has been used successfully in the infertility treatment of 
these women of advanced reproductive age who demonstrate an elevated early 
follicular phase level of follicle-stimulating hormone (PSH) suggestive of poor 
ovarian reserve. These women exhibit a poor response to hyperstimulation and 
have markedly lower pregnancy rates after IVP. The use of donor eggs offers 
these patients a much greater chance of achieving pregnancy. Similarly, women 
in their middle to late 40s have very poor pregnancy rates with IVP even when 
their egg production is ample, and they should thus be offered donor eggs as 
primary therapy. 

The use of donor eggs is also indicated when a patient wishes to avoid the 
transmission of a genetic abnormality such as an autosomal dominant disorder 
or sex-linked recessive disorder. A patient with a balanced translocation would 
also benefit from the use of donor eggs. The use of donor eggs for these 
indications may decrease in the future as specific gene probes are developed, 
and preimplantation genetic techniques are refined [5]. 

Lastly, women who have previously undergone multiple unsuccessful IVP 
attempts are candidates for egg donation. This is particularly relevant when 
poor egg quality is suspected to be the fundamental problem. 



Evaluation and Screening 

The goal of the evaluation and screening of the recipient is to ensure that the 
recipient is in good physical and mental health to undergo the rigors of donor 
egg IVP and hopefully, a consequent pregnancy. The American Society for 
Reproductive Medicine (ASRM) states in their guidelines for egg donation [6]: 
“In view of the lack of knowledge about the physiological effects and risks of 
establishing pregnancy in women of advanced reproductive age, it is re- 
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Table 1. Screening of egg recipients 



Test/consult When needed 



Hysterosalpingogram 
or hysteroscopy 
Pap smear 
Mammogram 

Fasting glucose level 



Electrocardiogram 
Total cholesterol level 



Fecal occult blood 
screening 



Preconceptual 
counseling 
General medical 
screening 

Psychological 

counseling 



Within 3 years 
Within 1 year 

Within 5 years if recipient is aged 35-40, within 2 years if she is aged 
41-50, and within a year if she is aged 51 years or over 
Within 3 years if anyone in recipient's immediate family or two or 
more relatives have diabetes, if she is obese, or if has had diabetes 
while pregnant 

Within the year if recipient is aged 40 years or over 
Within the year if a parent or sibling of the recipient has/had a total of 
more than 240 mg/dl, if members of her family developed premature 
(aged under 55 years) cardiovascular disease, if she has diabetes, or if 
she smokes 

Within the year if the recipient is aged over 50 years, or have/had first 
degree relatives with colorectal cancer, or have had endometrial, 
ovarian, or breast cancer herself, or have had inflammatory bowel 
disease, adenomatous polyps, or colorectal cancer herself, or has 
family members with polyposis coli or cancer family syndrome 
If recipient is aged 35 years or over, with an obstetrician, to review 
risks of pregnancy 

If recipient is age 45 years or more, or becomes short of breath, has a 
heart murmur, or has an abnormal electrocardiogram, a high total 
cholesterol, or blood in her stools 
Recommended for all but not required 



commended that potential recipients over the age of 40 undergo a thorough 
evaluation including psychological assessments, cardiovascular screening, and 
high-risk obstetrical consultation before being approved to receive donated 
oocytes.” 

The initial evaluation includes a full discussion of the donor egg IVF pro- 
cess. This discussion reviews the potential stresses, risks, costs, and reasonable 
expectations for success. A complete physical examination is performed to 
detect potential uterine abnormalities and to screen for other physical 
abnormalities. Table 1 lists the required screening tests for egg recipients at 
our clinic. 



Risks to Recipients of Donor Eggs 

Patients undergoing donor egg IVF are subjected to additional risks beyond 
those usually attributed to IVF (the risk of multiple gestation and the inherent 
risks of the procedure). On average, pregnancies are more apt to be compli- 
cated as the age of the pregnant woman increases. This increase is in part due 
to the higher proportion of women at these advanced ages who have known 
previous medical problems such as high blood pressure, diabetes, and obesity. 
For example, the incidence of chronic hypertension in pregnant women aged 
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40 or greater has been reported to be 16% and is significantly higher than the 
2% incidence in the general population [7]. Kirz and colleagues [8] observed a 
threefold higher rate in the incidence of diabetes among more than 1000 wo- 
men older than 35 than in nearly 5350 control women aged 20-25. While 
healthy older women without overt medical disease are at somewhat decreased 
risk of complicated pregnancies, the level of risk is clearly still above that seen 
at younger ages. The incidence of placental abruption and placenta previa are 
similarly increased [9, 10]. Finally, older women are more likely to be delivered 
by cesarean section [11]. 

Importantly, however, recipients of donor eggs have shown rates of high 
blood pressure and diabetes well above age-adjusted rates. For example, 
pregnancy-induced hypertension and/or preeclampsia occurs in up to 50% and 
diabetes in up to 20% of donor egg recipients. Other reported complications 
include slowed intrauterine fetal growth, bleeding problems (placenta previa), 
and premature delivery. Cesarean delivery is employed in more than half of 
cases. There may also be an increased risk of maternal or fetal death, although 
the absolute level of this risk is low. 

Although the actual risk is unknown and egg donors are screened for 
sexually transmitted diseases (STD), a potential risk of transmission of infec- 
tion through egg donation remains. To date, embryo cryopreservation after egg 
donation is not required. However, the ASRM recommends that patients be 
given the choice to cryopreserve all embryos with transfer in 6 months after 
repeat donor STD screening or to accept the unknown risk of STD transmis- 
sion associated with the transfer of fresh embryos. 



Egg Donors 

Screening and Selection 

The ASRM has published guidelines for the recruitment and screening of egg 
donors [6]. These guidelines propose that prospective egg donors undergo 
selection and screening procedures similar to those recommended for sperm 
donors. Egg donors should be young (< 35 years), in overall good health, and 
not have or be a carrier of any known genetic disorders transmitted by men- 
delian inheritance that pose “serious functional or cosmetic handicaps.” Si- 
milarly, the donors should not have malformations acquired because of 
multifactorial/polygenic inheritance and should not be a carrier of a balanced 
translocation which may become unbalanced in subsequent offspring. 

In our program, once a potential donor is identified by responding to our 
advertised request for donors, a series of screening phases is initiated. Dividing 
the screening process into these phases minimizes the cost of screening po- 
tential donors while the ultimate quality of donors is assured. In our clinic only 
about 10% of women who initially offering themselves as egg donors eventually 
prove to be qualified. 

Phase 1 of screening includes the following details: 
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- Donor age between 21 and 34 

- Both ovaries present 

- Not overweight 

- Nonsmoker 

- Off hormonal contraception for longer than 2 months 

- Not adopted 

- If donor meets above criteria, then proceed to phase 2. 

The information about these points, required to complete this phase, can be 
obtained by a telephone interview, thus eliminating potential donors who do 
not meet the above requirements prior to an office visit. 

Phase 2 of donor screening consists a questionnaire and measurement of 
serum basal hormone levels to determine ovarian reserve. The medical and 
family history of a potential donor can be ascertained initially with this 
questionnaire, which asks for a thorough account of the patient’s past medical 
history and the past medical history of her family. Serum FSH, serum lutei- 
nizing hormone (LH), and serum estradiol levels are obtained on day 3 of the 
donor’s menstrual cycle. Phase 2 also includes a psychological evaluation, 
which evaluates whether the donor has adequately addressed the potential 
medical, legal, ethical, and emotional ramifications associated with egg dona- 
tion. This is particularly important in nonanonymous donation in which a 
recipient couple chooses their own donor, usually a close relative. Phase 2 of 
screening thus involves the following steps: 

- Review questionnaire; 

- Eliminate those with serious functional or cosmetic handicaps or unknown 
family background. 

- Eliminate those with high risk behavior for STDs. 

- If OK: evaluate basal FSH, LH, and estradiol. 

- If OK: review psychological evaluation. 

- If OK: donor should come to clinic for Phase 3. 

The third and final phase of egg donor screening consists of an interview, a 
thorough physical examination, and screening tests for STDs. The purpose of 
the interview is to review the donor’s medical history and to clarify any re- 
maining issues or questions that the potential donor may have regarding the 
process of egg donation. In particular, phase 3 of screening includes the fol- 
lowing examinations and tests: 

- Physical examination 

- Cervical cultures 

- Gonorrhea 

- Mycoplasma (ureaplasma) 

- Herpes 

- Chlamydia 

- Blood tests 

- Syphilis serology 

- HIV-1 and HIV-2 (antigen and antibody tests) 

- Hepatitis B and C 
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- Thalessemia (in Greeks, Italians, and Asians) 

- Cystic fibrosis (in all white) 

- Sickle-cell (in African-Americans) 

- Tay-Sachs syndrome (in European Jews) 

- Type and Rh 

Once a donor has passed all screening tests and evaluations, one begins the 
matching of the recipient with the proposed donor. 



Potential Risks to Egg Donors 

The potential risks to egg donors are similar to those experienced by patients 
undergoing controlled ovarian hyperstimulation and IVF. These include 
ovarian hyperstimulation, infection, hemorrhage, injury to adjacent structures 
during egg retrieval, and complications of anesthesia. Epidemiological studies 
have reported an association between the use of ovulation inducing medica- 
tions and an increased incidence of ovarian cancer [12, 13]. While the data are 
acknowledged even by their authors as inconclusive, the relationship is bio- 
logically plausible. As a consequence we limit our egg donors to no more than 
five “lifetime” cycles of egg donation, regardless of whether they were all 
performed by us. 



The Matching Process 

Recipients are matched with donors on the basis of shared physical features 
between donor and recipient, such as height, body build, skin, eye, and hair 
color. Matching of blood type is not necessary but is desirable in the case of an 
Rh-negative recipient and for couples wishing their child to be compatible with 
their own blood types so that the children will not “accidentally” discover that 
they resulted from egg donation. Recipient couples often add other constraints 
to their request for a donor, most commonly a certain level of education. Once 
a tentative match is made by the staff of the donor egg program, a summary of 
the donor’s characteristics is provided to the recipient couple. This couple is 
also given information regarding the donor’s previous pregnancy outcomes, 
medical and surgical conditions, and educational and work histories. 



Synchronization of Recipient and Donor 

If a transfer of “fresh” (never cryopreserved) embryos is planned, careful 
synchronization of the recipient and donor is critical to a successful outcome. 
While the donor undergoes superovulation and egg retrieval, the recipient 
receives exogenous estrogen and progesterone to prepare the endometrium for 
implantation. In our clinic, we still request all recipients to undergo a test cycle 
on exogenous sex steroids (before the actual cycle of egg donation occurs) to 



Assisting Reproduction with the Use of Donor Eggs 



329 



assure us and them that adequate endometrial preparation can be readily 
achieved. 

Many protocols for preparation of the recipient have been described, and 
most seem to be sufficient to the task. Estrogens may be administered either 
orally, transdermally, or parentally. Progesterone is routinely administered as 
an intramuscular progesterone-in-oil injection or as a vaginal suppository. It is 
now clear that the artificial “follicular” phase of these cycles can be shortened 
or lengthened to a remarkable degree to accommodate synchronization with- 
out any ill effects on the chance for pregnancy. 

One successful protocol implemented at our clinic uses transdermal estra- 
diol patches and progesterone-in-oil injections. In this protocol both the re- 
cipient and donor are begun on a gonadatropin-releasing hormone agonist 
(currently leuprolide acetate) on the 21st day of their menstrual cycles. Once 
both the donor and the recipient are suppressed, the recipient begins estradiol 
patches when the donor’s stimulation begins. The dose of estradiol is increased 
in an individualized manner until the day of the donor’s egg retrieval (see 
Table 2). Also on the day of retrieval progesterone-in-oil injections are in- 
itiated and continued until the luteoplacental shift in pregnancy. 

Once the eggs are retrieved, they are inseminated with sperm from the 
recipient’s partner after a preincubation interval of 2-8 h. The resulting em- 
bryos are either cryopreserved or transferred to the synchronized recipient 2-3 
days later. At this time the best three of six embryos are transferred on the 
third day after egg retrieval. Those in excess of six are frozen at the two 
pronuclear stage, and the three embryos with the poorest appearance on day 3 
are frozen if they have good morphology. 



Post-transfer Management 

After embryo transfer, the recipient is transported to the recovery room where 
she remains at bed rest for 2 h before discharge to home. Estrogen and pro- 
gesterone replacement is continued as described in Table 2. Serial serum es- 
tradiol and progesterone levels are measured on days 14 and 16 following 
transfer to be sure that the hormone replacement is adequate. A serum preg- 
nancy test (B-hCG) run on the same samples determines whether pregnancy 



Table 2. Synchronization protocol 



Donor 



Recipient 



Days 1-4 of stimulation 

Days 5-8 of stimulation 

Days 9 through the day prior to retrieval 

Day of retrieval and continuing for 30 days 

Next 30 days 



1- 0.1 mg estradiol patch q.o.d. 

2- 0.1 mg estradiol patches q.o.d. 

4-0.1 mg estradiol patches q.o.d. 

2-0.1 mg estradiol patches q.o.d. 

Progesterone-in-oil 50 mg q.d. 

No estradiol supplements 
Progesterone-in-oil 50 mg q.d. then stop 
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has occurred. If the pregnancy test is negative, hormone replacement is dis- 
continued, and a menses subsequently begins. If the cycle has been successful, 
the hormone replacement therapy is continued with monitoring of the per- 
ipheral estradiol and progesterone concentrations 6 and 10 weeks after 
transfer. Replacement therapy is presently discontinued 60 days after embryo 
transfer. 



Other Issues 

To provide some insight into the variables that are important to the outcome of 
a donor egg program, we present the following data based on our own pro- 
gram. 



Overall Results in One Program 

The recent results of the Jones Institute Donor Egg Program are summarized in 
Tables 3 and 4. Recent changes in the program seem to have increased the 
implantation rate significantly. These changes include: 

- Use of a Wallace rather than a Jones catheter for transfer. 

- Use of pure FSH medication rather than a FSH/LH blend. 

- Selection of the best available embryos for transfer from a number twice that 
intended for transfer rather than a policy involving no selection of the better 
morphology embryos. 



Table 3. Outcome with fresh transfers 





1996 

(first half) 


1995 


1994 


1993 


No. of recipients 


56 


78 


68 


45 


Implantation rate (sacs/embryo 
transferred) (%) 


25 


19 


18 


18 


Clinical pregnancy rate (per transfer) (%) 


55 


52 


40 


42 


Delivery rate (per transfer) (%) 


N/A 


N/A 


34 


29 



Table 4. Outcome with cryopreserved transfers 




1995 


1994 


1993 


No. of recipients 


14 


31 


25 


Implantation rate (sacs/embryo) (%) 


10 


9 


13 


Clinical pregnancy rate (per transfer) (%) 


36 


23 


44 


Delivery rate (per transfer) (%) 


29 


16 


32 
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Effect of Recipient's age on Outcome 

As noted above, the use of donor eggs seems to overcome the primary hurdle 
that older women face, i.e., declining egg quality. However, there may still be a 
decline in uterine receptivity with aging. Our own data on this issue are pre- 
sented in Table 5. It may be important to mention that only a few of the women 
in our program were older than 50 at the time of their embryo transfer, so our 
data may understate the negative effect of advanced female age. 



Effect of Donor's Age on Outcome 

It is also clearly important to establish the effect of the egg donor’s age on 
outcome, and data on this are presented in Table 6. Donors aged over 32 years 
appear less likely to produce a pregnancy than those who are younger. 
Nonetheless, we still accept donors up to the age 34 if the donor is known or 
related to the recipient. 



Table 5. Outcome accord- 
ing to recipient age 





< 34 


35-39 


40+ 


No. of recipients 


43 


54 


108 


Implantation rate (sacs/embryo 


20 


19 


18 


transferred) (%) 


Clinical pregnancy rate 


50 


57 


39 


(sac/transfer) (%) 


Delivery rate (sac/transfer) (%) 


40 


43 


28 



Table 6. Outcome accord- 
ing to donor age 



Age (years) 


Clinical pregnancy 
rate (sac/transfer) 


Ongoing pregnancy rate 
(delivery or pregnancy 
ongoing > 20 weeks/ 
transfer) 


n 


% 


n 


% 


< 26 


34/90 


37.8 


29/90 


32.2 


26-28 


54/148 


36.5 


43/148 


29.1 


29-30 


28/77 


36.4 


22/77 


28.6 


31-32 


39/91 


42.9 


30/91 


33.0 


33-34 


31/119 


26.1 


26/119 


21.8 


35-36 


16/64 


25.0 


11/64 


17.2 


37+ 


6/22 


27.3 


3/22 


13.6 


All 


208/611 


34.0 


164/611 


26.8 



332 



J.P. Toner and B.M. Faber 



Effect of Embryo Quality on Outcome 

Many human embryos are chromosomally abnormal, and some of these ab- 
normal embryos display poor growth in culture. We have assessed the effect of 
embryo quality on pregnancy outcome when donor eggs are employed, in 
order to gauge the importance of this assessment (see Table 7). We have 
concluded that for embryos resulting from donor eggs (a) the relationship 
between embryo quality and pregnancy outcome is very significant, but that 
(b) even poor quality embryos have a reasonable potential to produce preg- 
nancy (we discount the few grade 5 embryos because of small sample size). 



Effect of the Number of Frozen Embryos Available on Outcome 

In standard IVF, women with fewer than three frozen embryos are very un- 
likely to achieve pregnancy when these embryos are thawed and transferred. 
We examined this same relationship in the donor egg case, as detailed in 
Table 8. We conclude that one or two embryos derived from donor eggs have a 
real chance of producing a successful pregnancy, and we thus advise our re- 
cipients to freeze good embryos even when fewer than three are available, and 
to come back for the thaw and transfer of those embryos, albeit few. 



Table 7. Outcome ac- 
cording to embryo 
quality 



Grade of Chance for pregnancy Chance for delivery 

best embryo per fresh transfer per fresh transfer 





n 


% 


n 


% 


1st (best) 


67/135 


49.6 


55/135 


41 


2nd 


53/138 


38 


43/138 


31 


3rd 


5/13 


38 


3/13 


23 


4th 


15/75 


20 


11/75 


15 


5th (worst) 


0/12 


0 


0/12 


0 



Table 8. Outcome according to number of embryos frozen 


No. of embryos 
(frozen) 


Chance of nothing to 
survive thawing (%) 


Chance of 
per thaw 


pregnancy 


Chance of delivery 
per thaw 


n 


% 


n 


% 


1 


37 


1/8 


12 


0/8 


0 


2 


9 


10/31 


32 


6/31 


19 


> 3 


1 


35/109 


32 


29/109 


27 
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Effect of Sequential Attempts on Chance for Pregnancy 

There is general concern in ART procedures that the probability of pregnancy 
declines as couples find they need to repeat the process in an effort to be 
successful. In other words, is there an abrupt decline in the chance for success 
after a couple does a certain number of attempts without success? Table 9 
presents the relevant data within our large donor egg program. These results 
suggest that the probability of pregnancy using donor eggs is the same in the 
first three attempts but declines afterwards (the low number of cases in which 
have couples tried more than three times did not permit a more refined ana- 
lysis of such cases). 



Effect of a Donor's Prior Fertility on Recipient Pregnancy Outcome 

Some recipients request that their donor be “proven” fertile, that is, that they 
have been pregnant before. While this makes some sense (by eliminating 
women with serious egg problems), it was not clear how important this feature 
is in the real world of managing a donor egg program. We therefore examined 
this question and present the data in Table 10. The results suggest that the 
suitability of a donor should not depend on whether she has achieved preg- 
nancy in the past. 



Table 9. Outcome according number of previous attempts 



Attempt 


n 


Clinical pregnancy 
per transfer 


Ongoing pregnancy 
per transfer 


Cycles 

with 

cryo. 


Ongoing 
pregnancy per 
thaw and transfer 






n 


% 


n 


% 




n 


% 


1 


387 


129/319 


40 


102/319 


32 


50 


31/121 


25 


2 


100 


25/81 


31 


22/81 


27 


53 


9/32 


28 


3 


26 


7/19 


37 


6/19 


32 


46 


3/9 


33 


4-8 


25 


3/17 


18 


3/17 


18 


54 


0/11 


0 



Table 10. Outcome according 
to whether donor had a pre- 
vious pregnancy 



Prior pregnancy 


Clinically pregnant 


Ongoing pregnant 




(per transfer) 


(per transfer) 




n 


% 


n % 


No 


8/21 


38.1 


6/21 28.6 


Yes 


17/43 


39.5 


9/43 20.9 
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Endometrial Pattern and Thickness Do Not Influence Pregnancy Rates 
in Unstimulated Recipients of Donor Eggs 

Prior reports on IVF patients linking endometrial thickness and pattern to 
pregnancy potential are confounded by the degree of ovarian hyperstimulation. 
To examine this factor we analyzed the relationship of endometrial pattern and 
thickness with pregnancy rates in donor egg recipients. Transvaginal ultra- 
sound was performed on the morning of progesterone supplementation to 
evaluate both the bilaminar thickness in the upper fundus (Table 11) and the 
endometrial pattern (Table 12). As shown in the tables, neither thickness nor 
pattern was related to the pregnancy rate < 1.0; p > 0.05). 



What About Donors Also in Need of IVF for Themselves? 

Some reports have suggested that egg donors who retain some of their eggs for 
their own use are less likely to achieve pregnancy than the recipients of their 
other eggs derived from the same cohort. We analyzed whether pregnancy 
results differ between egg donors and their recipients in IVF cycles in which 
donor eggs are shared. In this series 25 donors supplied eggs to a total of 28 
recipients and themselves. These donors were as thoroughly screened as do- 
nors who donated all their eggs; importantly, they all had normal ovarian 
reserve by basal hormone testing and were not older than 34 years. Donors 



Table 11. Outcome accord- 
ing to thickness of upper 
fundus 



Thickness 

(mm) 


Clinical pregnancy rate 
(per transfer) 


Ongoing pregnancy rate 
(per transfer) 


n 


% 


n 


% 


4-7 


11/30 


36.7 


9/30 


30.0 


8-9 


31/74 


41.9 


25/74 


33.8 


10-11 


36/100 


36.0 


23/100 


23.0 


12-13 


iim 


34.8 


21/66 


31.8 


14+ 


11/32 


34.4 


7m 


21.9 



Table 12. Outcome according to endometrial pattern 



Pattern 


Clinical pregnancy rate 


Ongoing pregnancy rate 




(per transfer) 




(per transfer) 




n 


% 


n 


% 


Homogeneous, hyperechogenic 


15/45 


33.3 


14/45 


31.1 


Outer hyperechogenic and inner 


89/23 


338.2 


64/233 


27.5 


hypoechogenic layer 
Fluid-filled cavity with ring 
configuration 


8/24 


33.3 


7/24 


29.2 
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Table 13. Outcome: donor pregnancy versus recipient pregnancy 





Age 


Clinical pregnancy rate 


Ongoing pregnancy rate 






(sacs/transfer) 


(> 20 weeks/transfer) 






n 


% 


n 


% 


Donor 


30.1 ± 2.8 


10/25 


40 


10/25 


40 


Recipient 


39.4 ± 4.8 


12/28 


43 


11/28 


39 



proved no less likely to achieve pregnancy than the recipients of the remainder 
of their eggs {p > 0.05; Table 13). It is certainly possible that any negative 
effect of the recipient’s age on her endometrial receptivity is offset by a ne- 
gative effect of hyperstimulation on the donor’s endometrial receptivity, 
thereby canceling two real hindrances and masking them. Nonetheless, on- 
going pregnancy rates of nearly 40% in both groups demonstrate the efficacy of 
sharing eggs between donors and recipients for qualified donors who them- 
selves need ART. 



Summary 

The use of donor eggs have proved to be a valuable means to achieve preg- 
nancy in many couples in which the wife’s own egg quality and/or quantity is 
substantially diminished. Although the proper administration of the procedure 
is complex, the high pregnancy rates associated with it bring great rewards to 
both the patients and the staff involved in providing the service. Although the 
use of donor eggs is a simple form of substitution therapy that does not directly 
“fix” the underlying problem, the donor egg approach undoubtedly remains an 
important facet of assisted reproduction until basic scientific work provides 
clinicians a means to overcome the problems of poor quality or limited 
quantity. In the meantime, this technique permits many couples to realize their 
dream of having and raising children that was out of reach even a decade ago. 
As such, donor egg programs provide an indispensable service to the patients 
themselves and society at large, here at the close of the second millennium. 



References 

1. Lutjen P, Trounson A, Leeton J, Wood C, Renow P (1984) The establishment and 
maintenance of pregnancy using in vitro fertilization and embryo donation in a 
patient with primary ovarian failure. Nature 307: 174 

2. Assisted Reproductive Technology in the United States and Canada: (1995) 1993 
results generated from the American Society^ for Reproductive Medicine/Society for 
Reproductive Technology. Fertil Steril 64: 13 

3. Coulam CB (1982) Premature ovarian failure. Fertil Steril 38: 604 

4. Moomjy M, Cholst I, Owen D, Applegarth L, Rosenwaks Z (1995) Donor oocytes in 
assisted reproduction - an overview. Seminars in Reproductive Endocrinology 13: 
173 



336 



J.P. Toner and B.M. Faber: Assisting Reproduction with the Use of Donor Eggs 



5. Moomjy M, Cholst I, Owen D, Applegarth L, Rosenwaks Z (1994) Donor oocytes in 
assisted reproduction - an overview. Seminars in Reproductive Endocrinology 13: 
173 

6. American Fertility Society (1994) Guidelines for oocyte donation. Fertil Steril 
[Suppl 1] 62: 105 

7. Yasin SY, Beydoun SN (1988) Pregnancy outcome at greater than or equal to 20 
weeks gestation in women in their 40s: a case-control study. J Reprod Med 33: 209 

8. Kirz DS, Dorchester W, Freeman RK (1985) Advanced maternal age: The mature 
gravida. Am J Obstet Gynecol 152: 7 

9. Mestman JH (1980) Outcome of diabetes screening in pregnancy and perinatal 
morbidity in infants of mothers with mild impairment in glucose tolerance. Diabetes 
Care 3: 447 

10. Hansen JP (1986) Older maternal age and pregnancy outcome: A review of the 
literature. Obstet Gynecol Surv 41: 726 

11. Tuck SM, Yudkin PL, Turnbull AC (1988) Pregnancy outcome in elderly primi- 
gravidae with and without a history of infertility. Br J Obstet Gynaecol 95: 230 

12. Whittemore AS, Harris R, Itnyre J (1992) Characteristics relating to ovarian cancer 
risk: collaborative analysis of 12 US case-control studies. Am J Epidemiol 136: 1184 

13. Rossing MA, Daling JR, Weiss NS, Moore DE, Self SG (1994) Ovarian tumors in a 
cohort of infertile women. N Engl J Med 331: 805 



Sex Preselection in Mammals by DNA: 
A Method for Flow Separation 
of X and Y Spermatozoa in Humans 

L.A. Johnson and G.R. Welch 



Introduction 

Preselection for sex in man and animals has occupied the imagination of 
mankind ever since the beginning of modern civilization. Theories abound as 
to how one can alter the sex of offspring. Early philosophers suggested that 
various body positions during intercourse could give a child of one sex or the 
other. Still others suggested that parts of the male genital anatomy produced 
sperm specific to one sex or the other. In mammals X-chromosome bearing 
sperm produce female offspring and Y-chromosome bearing sperm produce 
male offspring always in nearly equal numbers (50:50). In animals, numerous 
investigations have resulted in a significant body of literature on skewing this 
ratio. Claims for skewing of the sex ratio are commonplace, yet little if any 
verification has been offered to support these claims. Many of these protocols 
attempt to use one or more of the physical sperm measurements (size, shape, 
swimming speed, surface antigen etc.) as the marker specific for X or Y sperm. 
A separation technique is then performed based on this “specific marker.” 
None of the protocols based on these proposed markers of X or Y sperm has 
been shown to skew the sex ratio to any extent. The reader is guided to reviews 
which describe many of the “physical separation methods” in more detail than 
is possible here (Kiddy and Hafs 1971; Amann and Seidel 1982; Gledhill 1988; 
Johnson 1992, 1994, 1996; Windsor et al. 1995). 



Sex Preselection in Agriculturally Important Species 

Controlling the sex of offspring through sperm separation is a valuable tool for 
the livestock producer. Males of high genetic merit can be more efficiently 
selected in order to propagate a large pool of offspring with improved genetic 
merit. Further, sex preselection offers the producer an important economic 
advantage since better control of his or her product helps to maximize pro- 
duction efficiency. Since growth rate is sex-linked, preselecting the sex of cattle, 
swine and sheep gives greater economic return to the producer. 
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Sex Predetermination of Human Offspring 

In humans there is interest in the development of sex selection in conjunction 
with genetic testing for couples who risk transmitting a sex-linked disease to 
their offspring. There are approximately 6000 heritable defects in the human. 
About 370 of these defects are known to be X-linked (McKusik 1992). Generally 
the X-linked recessive disorders are expressed by the male child of carrier 
mothers who have inherited the X-chromosome with the defective gene. 
Common examples of X-linked recessives include hemophilia, Duchenne’s 
muscular dystrophy and X-linked hydrocephalus. Thus a female child would 
not express the X-linked recessive disorder a majority of the time. In addition, 
there is the more controversial interest, that of preselecting the sex of offspring 
to maintain cultural traditions or for purposes of family balancing. As long as 
civilization exists, one can assume that the use of sex predetermination for 
these cosmetic reasons will engender controversy. However, one must assume 
that if a method exists, people will desire to use it, irrespective of the social 
moors that may govern that aspect of family life and to some extent irre- 
spective of the credibility of the method to do what it says it will do in terms of 
skewing the sex ratio. Evidence for such factors can be drawn from the use of 
the albumin-gradient semen sexing method (Ericsson et al. 1973) by those 
seeking some form of control over the sex of their offspring. Beernink et al. 
(1993) reported more than 500 births using this method in clinical circum- 
stances with about 75% being male. The method is based on swimming speed, 
the hypothesis being that Y sperm swim faster than X sperm. Scientific vali- 
dation of the method is still not forthcoming, however. Actually, most recent 
evidence using chromosome or DNA probe data suggests there is no reason to 
believe that there is any skewing of the sex ratio (Brandriff et al. 1986; Flaherty 
et al. 1994). The use of a more scientifically valid method, such as the DNA 
method reported in this paper, enhances the credibility of the use of sex 
predetermination in humans, but does not still the controversy associated with 
the use of sex preselection in humans. 

A detailed description of the author’s method, the Beltsville Sperm Sexing 
Technology as it applies in particular to humans is presented. 



DNA Difference as a Basis for Separating X and Y Sperm 

Individual X- and Y-chromosome bearing sperm carry DNA in constant 
amounts characteristic of whether they are X or Y. This amount of DNA in the 
sex chromosome carried by the sperm is the only scientifically validated and 
measurable difference between X-and Y-chromosome bearing sperm in 
mammals. Visual examination of the Y-chromosome illustrates its small size in 
comparison to the larger X-chromosome (Johnson and Clarke 1990). Auto- 
somes on the other hand are also carried by both X and Y bearing sperm but 
are identical in DNA content. Thus the difference in X and Y sperm DNA is for 
all practical purposes, the only DNA difference between X and Y sperm. This 
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fact attracted the attention of several investigators working with flow cytometry 
(Gledhill et al. 1976). These workers sought to measure the amount of DNA for 
purposes of monitoring mutational changes in the human sperm. This work 
showed among other things that there was an artifact associated with mea- 
suring DNA in sperm due to the differential fluorescence caused by sperm head 
shape. Advances in flow cytometry since those initial studies have made the 
analysis of cells in liquid suspension increasingly more sophisticated. Con- 
sistent with these advances have been the advances in the development and 
utilization of fluorochromes to identify various organelles within the cell. The 
primary challenge to be overcome in the DNA artifact was to orient the sperm 
head to the laser beam (Dean et al. 1978) so that the inherent variability 
associated with morphology (orientation artifact) and its influence on flow 
within a stream of fluid could be accounted for. Because of the small difference 
in DNA content (3%-4%) between X and Y sperm the differentiation of X and 
Y sperm in a sample of semen is difficult and requires one to reduce the 
coefficient of variation to about 1-1.5%. 



Measurement of DNA in Sperm Heads for Analysis and Flow Sorting 

Specialized flow cytometry instrumentation was adapted (Pinkel et al. 1982) to 
account for the orientation artifact associated with analyzing sperm and thus 
were able to demonstrate the feasibility of measuring small differences in 
sperm DNA by flow cytometry. Out of this work came the demonstration that a 
3%-4% difference in sperm DNA could be differentiated using flow cytometry. 
Commercial flow cytometry/cell sorters provided the only alternative for 
measuring DNA of sperm on a wider scale. This was accomplished by Johnson 
and Pinkel (1986) when they reported the successful modification of com- 
mercial flow cytometry/cell sorter instrumentation (EPICS V; Coulter, Miami, 
Fla.) making it capable of overcoming the orientation artifact and routinely 
measuring the difference in X and Y sperm DNA. The modified system led to 
the use of that instrumentation for routine sperm DNA analysis and flow 
sorting (Johnson et al. 1987a,b; Johnson and Clarke 1988; Johnson 1994). 

The shape and the compact chromatin structure within the nucleus requires 
specialized staining procedures. When one is seeking to differentiate small 
DNA differences for purposes of separation, ideal staining conditions in terms 
of stain type and processing are required. The Hoechst 33342 stain was found 
to provide excellent permeability and tight binding to DNA (Johnson 1984) 
bringing improved uniformity of staining and cleaner separation of the bi- 
modal X and Y peak (Fig. 1). It not only was superior in staining uniformity 
but penetrated the sperm membrane very readily and faster than any other 
stain. A multitude of stains have been tested in succeeding years for this 
specific application, none have come close to displacing Hoechst 33342 as the 
stain of choice for this application. This discovery was followed by improved 
stain and preparation protocols (Johnson et al. 1987a) that resulted in fertili- 
zation using intracytoplasmic sperm injection of sorted sperm nuclei (Johnson 
and Clarke 1988). This work demonstrated that sperm treated with Hoechst 
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DNA CONTENT 

Fig. 1. Histograms representing frequency distributions of X and Y sperm for several 
species are shown. Sperm from each species carry a different amount of DNA according 
to their X and Y chromosome content and thus the differential DNA content between X 
and Y is also different. The depth of the split between the bimodal peaks is an indication 
of the ease at which the particular species X and Y sperm can be sorted into separate 
populations. In this grouping, human sperm have the smallest difference and are the 
most difficult to sort into separate populations at high purity. (Modified from Johnson 
1994) 



33342 stain and put through the sorting process could form pronuclei in 
hamster eggs thus showing that the DNA of the sperm could withstand the 
effects of the staining and sorting process. 



Successful Development of a Method to Separate Viable X and Y Sperm 

Success with sperm nuclei and the finding that staining intact sperm could be 
accomplished relatively rapidly without compromising viability led to the 
development of a method to flow sort intact, viable X and Y sperm that were 
functionally sound so as to carry out normal fertilization and to produce 
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normal offspring. A key part of this process was the finding that sperm with 
their tails intact (Johnson et al. 1989) could indeed be sorted into separate 
populations with 80%-90% purity of X and Y sperm. This finding overturned 
the previously held view that only sperm heads could be oriented well enough 
to sort (Pinkel et al. 1982; Johnson and Pinkel 1986; Johnson and Clarke 1988). 

The rabbit was chosen as the first experimental animal in which to de- 
monstrate the skewing of the sex ratio (Johnson et al. 1989). This initial study 
involved the staining of the living sperm DNA with Hoechst 33342, flow sorting 
the stained X and Y sperm based on the fact that they differ in DNA content by 
about 3.0% (specific for the rabbit) and the subsequent insemination of the 
sorted sperm into the tip of the uterus via surgical means. Litters resulting 
from insemination of X bearing sperm were 94% female. Correspondently, the 
litters resulting from insemination of Y bearing sperm were 81% male (Table 1). 
The validity of this DNA sexing method was further demonstrated with the 
production of litters of pigs that showed a skewing of the sex ratio (Johnson 
1991; Table 1). Swine X and Y sperm differ in DNA content by about 3.6%, 
which should have made the skewing of the sex ratio of the resulting litters 
easier to achieve than was the case in the rabbit. This was not the case, how- 
ever, in that females averaged 74% while males averaged 68%. We found that 
swine sperm do not orient themselves to the laser beam as well as rabbit sperm, 
for example, and consequently in this initial study it was more difficult to 
achieve a high purity of X or Y sperm in the respective sorts used for surgical 



Table 1. Fertility data: progeny produced from intratubal or intrauterine insemination or 
transfer of sexed embryos produced from sorted X and Y sperm based on DNA content 



Treatment 


Number 


Number 


Number 


Actual 


Significance: 




females 


kindled/ 


born 


% 


deviation 




insem. 


farrowed/ 


(M/F) 


(M/F) 


from 50:50 



calved 



Cattle^ 



Sorted X 4 


2 


3 


0 


100 


- 


Sorted Y 5 


2 


3 


100 


0 


- 


Sorted Y 106 


35 


37 


10 


90 


f < 0.01 


Swine® 


Sorted Y 8 


4 


37 


68 


32 


f < 0.04 


Sorted X 10 


5 


34 


26 


74 


f < 0.01 


Unsort/ 11 


5 


40 


43 


57 


NS 


Stain 


Unsort/ 7 


5 


46 


42 


48 


NS 


unstained 

Rabbit‘d 


Sorted Y 16 


5 


21 


81 


19 


f < 0.01 


Sorted X 14 


3 


16 


6 


94 


f < 0.01 


Sorted 17 


5 


14 


43 


53 


NS 


(X + Y recomb) 



^Cran et al. (1993, 1995). 
^Johnson (1991). 
Johnson et al. (1989). 
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insemination. Since then, however, we have improved the sorting of the swine 
sperm so that 85% skewing of the sex ratio can easily be achieved (Johnson and 
Welch, unpublished data; Hendriksen et al. 1996) using standard protocols. 

Since these initial demonstration studies, the usefulness of the DNA sexing 
method, termed the Beltsville Sperm Sexing Technology for producing off- 
spring particularly in combination with in vitro fertilization (IVF) has also 
been demonstrated in cattle. The initial study with cattle (Gran et al. 1993; 
Table 1) produced 6 calves all of the predicted sex. The second study, a field 
trial designed to produce male calves from sorted Y sperm, produced 41 calves 
from 106 embryo transfers. Of the 41 calves 37 were males equivalent to a 90% 
skewing of the sex ratio (Gran et al. 1995). We have also sought to adapt the 
DNA sexing method to swine using IVF. Methodology for IVF in swine is not 
as well developed as it is in cattle. However, we have demonstrated in an initial 
study (Rath et al. 1996) that one can effectively produce females from IVF 
embryos produced from X sperm sorted for high purity (> 90%). A total of ten 
pigs (all females) were born from two sows in which embryos had been pro- 
duced from X sorted sperm and transferred surgically. Unassisted fertilization 
with viable and intact X or Y sperm flow cytometrically sorted on the basis of 
DNA content difference was the final confirmation of the validity of the DNA 
based Beltsville Sperm Sexing Technology for sex preselection. Recently we 
have demonstrated the potential for using the method for deep uterine in- 
semination in cattle (Seidel et al. 1995). A total of 200 000 sorted sperm were 
used in these studies, with several calves being born to date in the ongoing 
experiment (Seidel et al. 1996). Utilization of the DNA sexing method for 
intracervical insemination shows promise for its application in numerous li- 
vestock situations if numbers of sperm required for fertilization can be re- 
duced. 



Flow Cytometric Sorting of Human Sperm 

Although the sperm sexing method described above was developed for live- 
stock sperm, it has wide application to other mammalian species. Any mammal 
carrying about 2.5% or greater amounts of DNA in the X sperm than in the Y 
sperm has the inherent potential of being sorted into nearly pure X and Y 
sperm populations. In 1993 we reported (Johnson et al. 1993) the results of 
studies in which we were able to demonstrate the feasibility of using this 
technology for human sperm, particularly for those couples who were at-risk 
for a genetic sex-linked disease. The Genetics and IVF Institute, Fairfax, Vir- 
ginia directed by J.D. Schulman collaborated on this project. By adapting the 
sorting technology to a somewhat higher level of detection, we were able to 
repeatably sort the X and Y human sperm into separate populations. The 
human sperm is somewhat more difficult to sort to high purity because it 
carries only about 2.8% more DNA in the X sperm than in the Y sperm. Our 
studies showed that we could repeatably separate X sperm with 82% purity and 
Y sperm to 76% purity (Johnson et al. 1993). In these studies we were more 
interested in the fact that it could be done than achieving the highest purity. 
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Fine tuning of the protocols may still lead to higher purities of X or Y sperm for 
specific uses such as intracytoplasmic sperm injection. 



Fluorescence In Situ Hybridization to Vaiidate Human X and Y Sperm 

In livestock semen sexing work we have always used the reanalysis of the 
sorted sperm populations to determine the proportions of final sorted X or Y 
sperm. In the human however, the X and Y DNA difference (2.8%) is so small, 
it is difficult to consistently reanalyze the sorted sperm with unquestioned 
accuracy. We thus determined to test the sorting system using fluorescence in 
situ hybridization (FISH) technology in combination with microsatellite DNA 
probes (Johnson et al. 1993). In this study we used both X and Y probes to 
eliminate the possibility of counting false positives (Table 2). The FISH tech- 
nology has proved to be an effective method for assessing the proportions of X 
and Y sperm in a sample of sorted semen or the respective control samples. 
Prevalidation of a sorted X or Y sperm population before using it for producing 
embryos by IVF for transfer or by insemination intracervically or intratubally 
or into the uterus is essential to knowing the outcome. Using this monitoring 
technique one can avoid the expense and consequences of the undesired sex. 

Since the initial demonstration that human sperrn could be separated into X 
and Y populations based on DNA (Johnson et al. 1993) difference and flow 
cytometric cell sorting, Levinson et al. (1995) have demonstrated the effec- 
tiveness of the DNA sexing method in human clinical trials. This landmark 
work has produced the first baby, a girl, born in June of 1995 (G. Levinson, 
personal communication). The parents of the girl chose sex selection to avoid 
having a son born with the X-linked disease, hydrocephalus. Previous preg- 
nancies and births to this family had been males that expressed the disease. 



Flow Cytometric Sorting of Sperm Based on DNA: 

Beltsville Sperm Sexing Technology 

Effective sperm sorting is dependent on a combination of things. Among them 
are uniformity of staining, orientation of the sperm head to the laser beam and 
maintaining conditions to ensure the viability of the sperm. Mammalian sperm 



Table 2. Percentages of sperm 
binding the X or Y chromosome 
specific probe after sorting for 


Sort 


Probe 


n 


Mean % positive 
signal 


the X or Y sperm population or 










in control (unpurified) popula- 


X 


X 


10 


82 


tions (from Johnson et al. 1993) 


X 

Y 


Y 

Y 


8 

9 


19 

21 




Y 


X 


10 


75 




Control 


X 


7 


53 




Control 


Y 


9 


44 
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come in all shapes and sizes, generally all stain with a DNA specific fluor- 
ochrome quite readily. All of our development work for the Beltsville DNA 
sexing method began in 1982. The purpose for doing the research has been to 
enhance the efficiency of producing livestock that are used for human con- 
sumption, thereby providing the consumer with a higher quality product. 
Therefore, the development work was done with domestic animal sperm, most 
of which have a flat, paddle shaped head. The paddle shaped head is ovoid, 
about 3-4 pm wide, 8-10 pm long, and 0.3-0.4 pm thick. Once the method was 
proven we chose to apply the technology to the human sperm. Human sperm 
have a more angular shaped head, and from the look of them would appear not 
to have a definitive edge that one sees in many domestic animals, especially the 
livestock species (bovine, porcine, ovine, equine, lagamorph). Once we es- 
tablished that the human sperm also exhibited differential fluorescence be- 





90 Fluorescence Intensity 

Fig. 2. This schematic showing histograms from the bull and the human demonstrates 
the population of sperm that orient properly. Sperm falling within the lined gates are 
properly oriented and correspond to the edge of the sperm as shown in the respective 
pictures. Left, bull sperm heads; right, human sperm heads. Note that each demonstrate 
the brighter fluorescence from the edge of the sperm head 
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tween the flat though angular face (Fig. 2) and a less defined edge, we were able 
to optimize and fine tune the flow sorting system to also measure human X and 
Y sperm DNA. Differential fluorescence is due to preferential emission of light 
in the plane of the sperm head (from the edge) which is caused by a difference 
in refractive index between the sperm head and the surrounding medium 
(Fig. 2). Because of such properties, the orientation as mentioned earlier is 
critical to resolving the small differences in DNA found between X and Y sperm 
in most mammalian species. 

A schematic of the instrumentation modifications for the DNA sexing 
method is shown in Fig. 3. This illustration is of a flow cytometer/cell sorter 
modified specifically for sperm DNA analysis and flow sorting (Johnson and 
Pinkel 1986). The modification consists of installing a beveled needle in place 
of the standard cylindrical needle and then replacing the normal light scatter 
detector (positioned in the forward or 0° position in relation to the laser beam) 
with another fluorescence detector (Johnson and Pinkel 1986) similar to the 
fluorescence detector found normally at the 90° position in relation to the laser 
beam. The modification of the flow cytometer/cell sorter is essential for at- 
taining separate populations of X- and Y-chromosome bearing sperm based on 
DNA content difference and for reanalyzing sorted sperm to determine the 
proportions of X or Y sperm in a given sorted sample (Johnson et al. 1987b; 
1989). 

The modification of commercial flow cytometry/cell sorting instrumenta- 
tion, initiated first on the Beltsville Coulter EPICS V flow cytometer/cell sorter 
has now been accomplished on virtually all types and models of flow systems 
that have been manufactured in the past 15 years. To date flow cytometer/cell 
sorter systems manufactured by Coulter (EPICS V; EPICS 750 series, ELITE) 
and Becton Dickinson (San Jose, Calif. FACS Vantage; FACStar Plus; FACStar; 
FACS 440) have been modified for sperm sorting. Each system was modified to 
provide for a beveled sample injection needle and a second fluorescence de- 
tector located 0° to the laser. Each type of system requires slightly different 
aspects due to configurations peculiar to the manufacturer. Twelve instruments 
worldwide are known to have been modified for sperm sorting as described by 
Johnson and Pinkel (1986). 



Protocol for Flow Cytometric Sorting of X and Y Human Sperm 

The following protocol for human semen is based on procedures developed 
earlier (Johnson and Pinkel 1986; Johnson et al. 1989; Johnson 1991; Johnson et 
al. 1993). 

Sperm are suspended at a concentration of 10 x 10^ sperm/ml. Viable sperm 
are diluted in modified Tyrode’s medium, nonviable samples (sperm heads) 
can be suspended in phosphate buffered saline (PBS). To each 1 ml sample the 
vital fluorochrome Hoechst 33342 (Calbiochem, La Jolla, CA) is added to a final 
concentration of 9 pM. Samples are then incubated for 1 h at 35°C, then held at 
room temperature until and during flow sorting. 
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Fig. 3. Schematic of the flow cytometry/cell sorting system that has been modified 
specifically for the analysis of sperm DNA as well as the sorting of sperm into the X and 
Y populations. The system includes a sample injection needle that is beveled at the exit 
orifice so that fluid exits the needle in a flat stream rather than the cylindrical stream 
common to most flow systems. The system also contains the additional fluorescence 
detector in the forward or 0° position. The presence of both of these modifications 
allows the sperm to be selected on the basis of its orientation to the laser beam. Properly 
oriented sperm show their edge to the 90° detector and the flat face to the 0° detector. 
Those sperm falling within the orientation gate are then seen by the 0° detector. Sperm 
are sorted (within a droplet) to respective tubes for insemination. Sperm sorted for FISH 
determination are sorted onto slides. (Modified from Johnson et d. 1996) 
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Sperm are separated on a commercial flow cytometer/cell sorter, modified as 
previously described here (EPICS V 750 or series, Coulter). The Hoechst 33342 
stained sperm are illuminated with 175 mW of all lines UV (351, 364 nm) from 
a Nova 90-5 laser (Coherent, Palo Alto, Calif.) and their fluorescence is detected 
through 418 nm long pass filters. Sperm are analyzed at 1000 sperm/s; X and Y 
sperm are selected by narrow sort windows and consequently sorted at 30-40 
sperm/s. 

For verification of X-Y sperm proportions of sorted sperm, approximately 
40 000 sperm are sorted directly onto a 1 cm^ area of a standard microscope 
slide using a Lief bucket (Lief et al. 1971). Sorted slides are then fixed with 75% 
methyl alcohol, 25% acetic acid, washed 3x and air dried. Microsattelite X and 
Y probes are used to identify the X or Y chromosomes (Table 2). 

To assess the motility of X and Y sorted sperm, approximately 1 x 10^ 
sperm were collected in 0.6 ml microcentrifuge tubes containing 50 pi test- 
yolk buffer. Motility was assessed by fluorescence phase microscopy. 



Summary 

The methods described in this paper require significant understanding and 
expertise. However, once familiarity with the protocol is achieved, separation 
of X and Y mammalian sperm by flow cytometric sorting can be done on a 
routine basis. 
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Oocyte Maturation In Vivo and In Vitro: 
Principles of Regulation 

W. Kiipker and K. Diedrich 



Development of Oocytes 

Oogenesis begins early in fetal development. Germ cells can be detected even in 
24-day-old embryos. Primordial germ cells move from an extragonadal site and 
enter the cortex of the the differentiating gonad. Ovarian development starts. 
Primordial germ cells are precursors of actively dividing oogonia which begin a 
high-frequency mitotic activity to reach the first meiotic prophase as oocytes. 
Germ cells in this stage are present within the first 4 months of fetal devel- 
opment and are estimated to reach 5-6 million in number. The phase of 
multiplication of oogonia ends in the fifth month of fetal life [1]. 

The maturing oocyte is a direct derivative of the primary germ cell. After 
finishing the mitotic phase of multiplication oogonia, now developing into 
oocytes are encompassed by follicular or granulosa cells. The oocyte enters the 
first stage of meiotic prophase, the leptotene, having passed the preleptotene. 
During preleptotene, i.e., the interphase of the last mitotic division, final DNA 
replication takes place in preparation for meiosis and signals transformation of 
oogonia into oocytes. The oocyte remains in prophase for a long time. 

In prophase oocytes progress through four different stages. After up to 6 h, 
as confirmed by studies on mouse oocytes, they change to zygotene. During 
zygotene homologous chromosomes pair and synapse to form what appear to 
be single chromosomes but are actually bivalents composed of four chroma- 
tids. It takes up to 40 h to complete zygotene. In the following stage the 
pachytene, genetic crossing over, and recombination takes place. It takes 
around 4 days before oocytes enter the final stage of diplotene, with chro- 
mosomes displaying chiasmata as a result of crossing over. Oocytes remain in 
diplotene stage, also called dictyate stage, until ovulation. The oocyte forms a 
characteristic nucleus called the germinal vesicle. Prior to birth almost all fetal 
oocytes reach the final stage of dictyate. The human ovary provides approxi- 
mately 2 million oocytes at time of birth. Only 5%, i.e., 300 000 oocytes survive 
the following 7 years and form the pool of unfertilized eggs in the sexually 
mature adult [2]. 

Maturation of Oocytes: Basic Considerations 

Oocyte maturation is defined as the reinitiation and completion of the first 
meiotic division, subsequent progression to metaphase II, and the nuclear and 
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cytoplasmic processes which become essential for fertilization and early em- 
bryo development. Oocytes are arrested in prophase I of meiosis during the 
fetal period. Completion of the first meiotic division takes place when oocytes 
have undergone extensive growth in cellular interaction with the granulosa and 
theca cells. The oocyte undergoes asymmetric cytokinesis and extrudes the first 
polar body containing an haploid chromosome complement. The first meiotic 
division is completed, and the second meiotic division is initiated, but oocytes 
arrest in metaphase II until contact with an spermatozoon. The initiation of 
maturation in fully grown oocytes present in antral follicles is based on the 
midcyclic onset of the luteinizing hormone (LH) surge or the external ad- 
ministration of human chorionic gonadotropin (hCG). Mechanisms of oocyte 
maturation in vivo and in vitro are still under investigation. In vitro animal 
models provide insight into the importance of substances affecting the oocyte 
maturation and its inhibition, such as cAMP, calcium, cell cycle proteins, 
growth factors, gonadotropin hormone-releasing hormone (GnRH), gonado- 
tropins, purines, and steroids. 



Structural Changes During Oocyte Maturation 
Germinal Vesicle Breakdown 

The nucleus of an oocyte is the germinal vesicle (GV; Fig. 1). The most striking 
event of the reinitiation of meiosis is the disappearance or breakdown of the 
GV (GVB). The acquisition of competence to undergo GVB is a multistep 
process. GVB is initiated in human and animal oocytes in vivo by the LH surge 




Fig. 1. Germinal vesicle 
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Fig. 2. Germinal vesicle with undulating nuclear envelope and onset of chromosome 
condensation 



or atretic degeneration of follicles, but when removed from their antral follicles 
or after removal of the entire oocyte-cumulus cell complex spontaneous go- 
nadotropin-independent maturation may occur as well as in culture media. 
Within a few hours of culture in vitro fully grown oocytes undergo complete 
GVB [3, 4]. GVB begins with undulations of the nuclear envelope (Fig. 2) which 
continues for approximately 1-2 h. These undulations may be correlated to the 
onset of chromosome condensation. Breaks in the nuclear envelope can be 
detected within 2 h, and after approximately 3 h the nuclear envelope has 
completely disappeared in rabbit, rat, and mouse oocytes likely to be involved 
later in formation of the pronuclear membrane. In humans this process in- 
itiating chromosome condensation takes 20-24 h. 
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Meiotic Maturation and Chromosome Formation 

Chromosome condensation and spindle formation are the subsequent steps in 
the scheduled program of the maturing oocyte to complete meiosis. Directly 
after GVB, when the nuclear envelope and its inner lining, the fibrillar network 
of lamins, starts dissolving, chromosomes move from the center of the nucleus 
towards the undulating membranes where condensation takes place. Chias- 
mata move to the ends of the chromosomes and chromatin becomes hetero- 
chromatic. After completion of condensation the chromosomal bivalents 
appear V-shaped and telocentric. They are often attached to fragments of the 
nuclear envelope. The highly condensed chromosomes become arranged in the 
center of the oocyte and await lining up on the metaphase spindle. 

During GVB and chromosome condensation kinetochores and the micro- 
tubule system appear and organize the spindle formation. The spindle does not 
display centrioles, as is typical for mitotic cells, but derives from so-called 
pericentriolar material which forms the spindle poles during prometaphase. 
The size of the spindle apparatus increases and moves to the periphery of the 
oocyte. The barrel-shaped spindle is surrounded by mitochondria, vacuoles 
and granules. Metaphase I (Fig. 3) lasts for a few hours, leading to anaphase I, 
when chromosomal bivalents move towards the opposite ends of the spindle, 
and the whole spindle rotates 90°. The extrusion of the first polar body is 
prepared during telophase I. Homologous chromosomes become seperated and 
one-half are extruded with cytoplasmic material such as mitochondria, ribo- 
somes, and cortical granules into the perivitelline space (Fig. 4). This takes 
place in late telophase. The oocyte reaches metaphase II (Fig. 5). Progressive 
maturation beyond metaphase II marks the beginning of fertilization or in- 
dicates parthenogenic activation of the oocyte. 




Fig. 3. Metaphase I oocyte 
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Fig. 4. First polar body with cortical granules and chromosomes 



Regulation of Oocyte Maturation 
Gonadotropins and Intercellular Communication 

In human and animal oocytes the preovulatory surge of LH or the adminis- 
tration of human chorionic gonadotropin (hCG) induces GVB in vivo, or when 
follicles are placed in culture. However, there are no receptors for LH on the 
oocytes. Therefore it is hypothesized that LH induces GVB indirectly by action 
of granulosa cells [5]. LH apparently induces a block of intrafollicular com- 
munication and reduces the transfer of maturation-arresting substances to the 
oocyte. According to this hypothesis, LH-induced GVB is initiated in the same 
way as spontaneous GVB when oocytes lose their contact to cumulus and 
granulosa cells. It is known that oocytes enclosed in an antral follicle, when 
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Fig. 5. Metaphase II oocyte 



removed from their environment, do not resume meiosis. However, adding 
gonadotropin or removing the oocyte from the follicle results in resumption of 
meiosis. 

Another hypothesis proposes that LH induces production of a GVB-indu- 
cing signal in the granulosa cells being transmitted into the oocyte through so- 
called gap junctions [6]. Gap junctions are determined as regions of physical 
continuity between cellular membranes. They resemble a network connecting 
granulosa cells, cumulus cells, and the oocyte. The cells are metabolically and 
ionically coupled through the gap junctions. They consist of proteins called 
connexons which act as channels permitting rapid passage of small molecules. 
It is thought that LH-induced GVB transferred through the gap junction system 
is mediated by calcium. LH induces an increase of free inositol 1,4,5-tripho- 
sphate [7] and calcium in the granulosa cell. Both substances are transferred 
via gap junctions to the oocyte. The role of calcium is discussed below. Follicle 
stimulating hormone (FSH) is thought to promote signals to GVB induction to 
a much greater extent in cumulus-enclosed oocytes than it does in cumulus- 
denuded oocytes. That means that maintenance of gap junctional commu- 
nication between cumulus cells and the oocyte is essential for FSH stimulation 
of maturation [8]. 



The Role of Cyclic Adenosine Monophosphate 

cAMP, which is present in the oocyte, appears to be involved in the main- 
tainance of meiotic arrest (Fig. 6), since the mode of cAMP action is known. 
cAMP activates a cAMP-dependent protein kinase (PK) A. An inhibitory basal 
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level of cAMP within the oocyte activates PK-A. The active form of the het- 
erotetramer PK-A are the catalytic subunits after binding of cAMP to the 
inhibitory subunits of the PK-A complex. PK-A phosphorylates oocyte proteins 
which are necessary for GVB. Continuous phosphorylation of proteins main- 
tains the meiotic arrest. Resumption of meiosis, on the other hand, is triggered 
by a decrease in the inhibitory level of oocyte cAMP-mediated through the 
action of cAMP phosphodiesterase (Fig. 7). cAMP phosphodiesterase promotes 
reassociation of the active catalytic subunits of PK-A with its regulatory sub- 
units, which disable PK-A to further phosphorylation. Oocyte proteins become 
dephosphorylated and meiotic maturation is initiated. 

Experiments indicate the involvement of various substances in regulating 
the oocyte cAMP levels. Spontaneous maturation of mouse oocytes does not 
occur in vitro in the presence of cAMP analogues such as dbcAMP or SbcAMP 
or phosphodiesterase inhibitors such as isobutyl methylxanthine and theo- 
phylline [9, 10]. Forskolin maintains oocytes in meiotic arrest via direct sti- 
mulation of adenylate cyclase to increase the cAMP level [11, 12]. 
Phosphodiesterase activity to increase or decrease cAMP levels in the oocyte is 
responsible for the onset or arrest of maturation and is itself modulated by 
calmodulin. The origin of active cAMP is unknown. Cumulus cell-free oocytes 
produce cAMP on stimulation by forskolin [13], but forskolin treatment 
produces only a delay of CVB. Thus, higher amounts of cAMP are needed to 
maintain meiotic arrest. It is still unclear whether sufficient cAMP is created by 
the oocyte itself, or it originates in granulosa cells. As mentioned above, oo- 
cytes are coupled to granulosa and cumulus cells by gap junctions. Cap 
junctions allow diffusion of small molecules from one cell to another. cAMP 
may therefore possibly diffuse from granulosa cells to the oocyte. Another 
theory is that stimulated granulosa cells promote the oocyte to produce cAMP 
itself. 
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Furthermore, it is suggested that other types of PK may be involved in the 
regulation of oocyte maturation. Stimulation of the PK-C system with phorbol 
esters and diacylglycerol also results in a transient inhibition of GVB [4]. 



Purines 

Although cAMP seems to play a major role in oocyte maturation and meiotic 
arrest, other substances present in the follicle are likely to participate in 
meiotic arrest. Hypoxanthine and adenosine can be detected in mouse oocytes 
and follicular fluid [14, 15]. Hypoxanthine inhibits GVB when administered to 
denuded mouse oocytes. Moreover, the inhibitory effect of purines is increased 
in cumulus cell-enclosed oocytes. This observation suggests that the inter- 
cellular gap junction pathway to the oocyte provides regulation of uptake and 
metabolism of the substances putatively generated by the granulosa cell. 
Adenosine displays a transiently inhibitory effect on GVB similar to that of 
forskolin in culture, but when augmented by hypoxanthine, the inhibitory 
effect is maintained. 

Direct injection of adenosine into the oocyte shows no effect. The theory is 
that hypoxanthine inhibits cAMP phosphodiesterase and therefore prevents 
hydrolysis of oocyte cAMP. Adenosine promotes the cAMP formation acting at 
the oocyte surface to stimulate the adenylate cyclase [16]. Purines may also be 
involved in regulating the suppressive effects of guanyl compounds on oocyte 
maturation. Guanosine monophosphate which is a product of conversion of 
inosine monophosphate plays an essential role in the maintenance of meiotic 
arrest. Guanosine monophosphate itself is converted to guanosine tripho- 
sphate which interacts subsequently with G-proteins present on the oolemma 
and membranes of the cumulus cells. Guanosine triphosphate suppresses GVB, 
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and binding to G-proteins mediates the increase in cAMP levels within the 
oocyte. 



Maturation-Promoting Factor 

Maturation-promoting factor (MPF) is a cytoplasmic factor and is detected in 
both mitotic and meiotic cells. Another name for this substance is M phase 
promoting factor due to its capability to promote a G 2 to M phase transition 
[17]. MPF apparently regulates chromosome condensation and nuclear en- 
velope breakdown. MPF was initially demonstrated by injection of cytoplasm 
from progesterone-treated oocytes into untreated recipients resulting in ma- 
turation of the untreated oocytes [18]. It should be noted that progesterone 
plays a key role in the onset of oocyte maturation in amphibians. The for- 
mation of MPF seems to be independent of nuclear activity. It has been de- 
monstrated that treating enucleated Xenopus oocytes with progesterone and 
injecting their cytoplasm into nucleated non-progesterone- treated oocytes re- 
sults in MPF activity in these cells with subsequent maturation [18]. Protein 
synthesis is necessary for the initial production of MPF but is not required for 
further maturation-promoting activity, for cycloheximide fails to prevent the 
autocatalytic amplification of MPF while treatment with cytochalasin does [19]. 

These findings suggest that oocytes contain a store of inactive MPF. Protein 
synthesis is essential merely to activate it. Small amounts of active MPF are 
able to amplify^ MPF activity without any further protein synthesis. MPF is a PK 
consisting of two components, cyclin B and The small subunit, which 

is called p34, is a protein homologue of the cdc2+ gene product of fission yeast 
necessary for the G 2 to M transition. Homologues of cdc2 have been detected in 
cells of a variety of organisms, including mammals [20]. The kinase activity of 
p34 remains high during M phase, resulting in the phosphorylation of diverse 
proteins. Histone HI is one target for p34 kinase [21]. Phosphorylation of 
histone HI is discussed as being involved in the condensation process of 
chromatin that takes place during M phase [22]. 

Another substrate for p34 are the lamins forming the fibrillar network of the 
inner surface of the nuclear envelope. Phosphorylation of the lamins is thought 
to be responsible for the nuclear envelope breakdown. Moreover, p34 is likely 
to interact with the microtubular system and enhances maturation by orga- 
nizing the spindle apparatus through phosphorylation. The other subunit of 
MPF is cyclin B, a protein representing the group of cyclins which accumulate 
during interphase and are destroyed by proteolysis after mitosis during each 
cell cycle [23]. The role of cyclin B is to activate p34 kinase when they complex 
with p34. Cyclins, as with p34, seem to be universal cell cycle regulators in 
eukaryotes. Cyclins are homologues to the gene product of cdcl3 in fission 
yeast. While p34 requires dephosphorylation for activation, cyclin B must to be 
phosphorylated to become active when preexisting in complexes with p34, 
whereas it forms directly active MPF when synthesized de novo. 

c-MOS (p39 mos), which is a product of the c-mos proto-oncogene appar- 
ently triggers cyclin B activation. c-MOS is a kinase that is necessary for in- 



Oocyte Maturation In Vivo and In Vitro: Principles of Regulation 



359 



duction of maturation. Studies on Xenopus show that injecting c-mos mRNA 
into the oocyte induces maturation, while inhibiting c-MOS prevents ma- 
turation [24]. C-Mos phosphorylates cyclin B in vitro. Briefly, c-MOS activates 
cyclin which in turn activates p34. Questionable is how MPF activity is con- 
trolled in the oocyte. There are some good reasons to believe that active p34 is 
controlled directly by PK-A activity resulting from a decreased concentration 
of cAMP in the oocyte. Elevation of cAMP inhibits the formation of p34/cyclic 
B complex, and p34 remains inactive. MPF exhibits its activity as long as 
cyclins are present. Degradation of cyclins at the end of the M phase inactivates 
MPF, allowing to continue the cell cycle. Arresting the mature oocyte at me- 
taphase II is probably due to a cytostatic factor (CSF) present in the cytoplasm 
which stabilizes MPF by blocking cyclin degradation (Fig. 8). It is thought that 
CSF exhibits its function in the absence of calcium. Administration of the 
calcium chelator EGTA maintains the CSF-mediated arrest. There is evidence 
that CSF is actually the c-MOS protein [25]. It remains to be clarifled why c- 
MOS has different functions, activation of maturation and promoting meta- 
phase arrest. 



Growth Factors, GnRH, and Steroids 

There is some evidence that growth factor are involved in oocyte maturation. 
Epidermal growth factor and transforming growth factors a and P seem to 
promote resumption of meiosis in follicle-enclosed oocytes, but the mechan- 
isms of inducing GVB are still unclear to date. Activation of phosphatidyl 
inositol and calcium pathways is associated with the action of angiotensin II, 
which is probably regulated by transforming growth factor p. GnRH induces 
maturation of oocytes but less rapidly than LH. A possible mode of action of 
GnRH is to activate PK-C. The effective role of steroids for oocyte maturation 
remains unclear. Nonphysiologically high concentrations of testosterone, 
progesterone, and prenenolone seem to inhibit oocyte maturation, either alone 




Fig. 8. Maturation promoting factor and meiotic arrest 
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or in conjunction with agents that increase the cAMP level. Estradiol, on the 
other hand, seems to improve induction of maturation. 



Calcium 

It is known that calcium inhibitors such as verapamil transiently prevent GVB 
by elevating cAMP levels within the oocyte, and one must therefore consider a 
most striking role of calcium in the initiation of oocyte maturation. Calcium is 
essential in culture medium to sustain completion of meiosis in maturing 
oocytes. Activation of calcium within the oocyte starts via the phosphoinositide 
pathway. Calcium may be released by the granulosa cells through gap junctions 
to the oocyte responding to the LH surge. CVB is mediated by calcium. Inositol 
1,4,5-triphosphate induces the mobilization of calcium stores within the oo- 
cyte. Free calcium activates cAMP phosphodiesterase, resulting in a decrease in 
cAMP concentration below the threshold needed to maintain meiotic arrest, 
and it initiates CVB. 



Oocyte Maturation In Vitro: Clinical Considerations 

Animal in vivo and in vitro studies have revealed biochemical pathways that 
are thought to be involved in oocyte maturation. With increased insight into 
these mechanisms it has been seen that in vitro maturation may be possible 
under specific culture conditons. Mammalian follicular oocytes are in fact able 
to mature in vitro when isolated from follicles and placed in the appropriate 
culture medium. This was first demonstrated in rabbits [26] and has since been 
confirmed in humans [27] and various other animals. Apparently normal 
fertilization and development of rodent oocytes grown inside cultured follicles 
are encouraging [28]. Progress in the technique of in vitro maturation may 
possibly demonstrate complete developmental competence in mice [29]. 
Nevertheless, it remains unknown which nutritional environment is required 
for culturing human oocytes to provide normal fertilization and embryo de- 
velopment in humans. What hormones and growth factors are important? 
What are the mechanisms of oocyte specific gene expression? What are the 
major steps of the signal transduction system of the granulosa cell-oocyte 
complex? [30]. Does the size and the stage of the retrieved oocytes does play a 
role for their further development. 

However, very few papers in the literature report about successful oocyte 
maturation in vitro [31] in humans with subsequent pregnancies. In one study 
oocytes were aspirated from small size follicles (2-5 mm in diameter) from 
ovarian tissue of woman undergoing surgery for ectopic pregnancy or ovarian 
cysts. Oocytes were cultured in either follicular fluid which had been obtained 
from women attending an IVF program, added to Ham’s F-10 or Ham’s F-10 
with 20% fetal cord serum. Oocytes were cultured for 32-48 h to reach me- 
taphase II stage as a sign of full maturation. The maturation and fertilization 
rates were much higher using the follicular fluid containing medium rather 
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than the fetal cord serum containing medium. One triplet pregnancy was 
achieved [32]. In a recently published study small oocytes (2-10 mm in dia- 
meter) were retrieved by transvaginal ultrasound-guided aspiration in un- 
stimulated cycles of women with polycystic ovaries. Patients had recieved hCG 
prior to oocyte retrieval to induce luteinization. Oocytes were matured in vitro 
for 36-48 h followed by intracytoplasmic sperm injection and assisted hatch- 
ing. Culture medium consisted of recombinant human FSH and hCG. The 
maturation rate in the treatment cycle without a leading follicle was 55% and 
the fertilization rate 45%. In the treatment cycle with a leading follicle of 
18 mm in diameter, which was left intact to potentially enhance uterine and 
embryo synchrony, the maturation rate was 77% and the fertilization 80%. Out 
of this cycle five embryos resulted with a subsequent singleton pregnancy [33]. 

These reports demonstrate that oocyte maturation with subsequent fertili- 
zation and pregnancy can be achieved in humans. However, further studies are 
needed to evaluate culture conditions and to make oocyte maturation in vitro 
clinical routine, which would provide great comfort for the patients. They 
would not need to undergo ovarian stimulation with the potential risk of 
hyperstimulation syndrome and other inconvenience associated with admin- 
istration of fertility drugs. 
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Preimplantation Diagnosis 

I. Liebaers, W. Lissens, K. Sermon, E. Van Assche, C. Staessen, H. Joris, 
and A. Van Steirteghem 



Introduction 

The ability to hyperstimulate the ovaries, retrieve ova, and fertilize them has 
made in vitro fertilization (IVF) a safe and effective treatment for infertility. 
Several tens of thousands of children have been born to couples who were 
unable to conceive otherwise. IVF has opened the door to several reproductive 
advances such as oocyte donation, embryo freezing, and assisted fertilization 
procedures such as the recently introduced procedure of intracytoplasmic 
sperm injection (ICSI) to alleviate severe male-factor infertility. IVF also made 
preimplantation genetic diagnosis possible as an option to couples at risk for 
serious genetic disease. Rather than terminating a pregnancy after conven- 
tional prenatal diagnosis, embryo analysis permits selection of embryos 
without disease to be replaced in the uterus. 



Outline of Preimplantation Diagnosis 

The outline of a preimplantation diagnostic procedure on an eight-cell human 
embryo is illustrated in Fig. 1. Eight-cell embryos can be obtained about 70 h 
after oocyte retrieval for IVF alone or for IVF combined with ICSI. There is also 
a theoretical possibility that such embryos might be obtained after in vivo 
conception and uterine lavage. One or two blastomeres can be biopsied from 
this embryo by micromanipulation. The diagnostic procedure [polymerase 
chain reaction (PCR) or fluorescent in situ hybridization (FISH) is carried out 
on these isolated blastomeres. One may expect the result at the end of day three 
after oocyte retrieval. Meanwhile, the biopsied embryo (containing six blas- 
tomeres) is kept in culture (37°C, 5% O 2 , 5% CO 2 , and 90% N 2 ). If the diag- 
nostic procedure requires more than 1 day, it may be worth freezing the 
biopsied embryo, which can then be replaced after thawing in a subsequent 
cycle. Two or maximum three disease-free embryos can be replaced into the 
uterus as soon as the results are available, usually in the evening of day 3. If 
more disease-free embryos are available than required for transfer, these su- 
pernumerary embryos can also be frozen for later replacement. Affected em- 
bryos should be further analyzed to confirm the diagnosis on the individual 
blastomeres of the biopsied embryo as part of research experiments to improve 
the diagnostic procedures. 
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Fig. 1. Outline of preimplantation diagnosis 



Indications for Preimplantation Diagnosis 

The indications for preimplantation diagnosis are the same as those for con- 
ventional amniocentesis and chorionic villus sampling. Couples who may 
benefit are those at risk of (a) chromosomal disorders especially translocations, 
(b) monogenic X-linked, autosomal recessive or autosomal dominant dis- 
orders, and (c) mitochondrial diseases. 

At present, couples who choose this novel procedure must be carefully 
counseled about the complex nature of preimplantation diagnosis, which re- 
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quires a highly experienced team to carry out (a) IVF with or without assisted 
fertilization by ICSI, (b) the embryo biopsy procedure by micromanipulation, 
(c) the PCR or FISH procedure on single cells, and (d) the possible cryopre- 
servation of embryos. 



Approaches to Preimplantation Diagnosis 

There are three different approaches to preimplantation genetic diagnosis: 
(a) polar body biopsy, (b) biopsy of the trophectoderm, and (c) removal of one 
or two blastomeres from a cleaving preimplantation embryo. 

Polar-body biopsy involves the removal of the nonfunctioning haploid set of 
chromosomes of the first meiotic division. Polar body diagnosis can be used 
for X-linked and autosomal recessive disorders as well as for autosomal 
dominant disorders or chromosomal aberrations in the women; only the 
genotype of the female partner is determined. Oocytes are retrieved from 
women in whom ovulation has been induced by gonadotropins. After removal 
of the surrounding cumulus and corona cells, the polar body becomes clearly 
visible and can be removed by micromanipulation. If a mutant allele for an 
autosomal recessive disorder is detected in the polar body, it may be concluded 
that the primary oocyte contains a normal allele. Normal oocytes can be fer- 
tilized in vitro and embryos can be replaced. If the polar body contains the 
normal allele, the primary oocyte has the mutant allele and is not inseminated. 
The polar body contains only one allele, but there are two copies because each 
chromosome consists of two sister chromatids. The primary oocyte and the 
first polar body may contain copies of the two alleles if cross-over has occurred 
between homologous chromosomes. In that case the genotype of the secondary 
oocytes cannot be predicted without further testing of the second polar body 
after fertilization. Polar body diagnosis, also called preconceptual diagnosis, 
has had limited application and success in clinical practice. This method also 
has the disadvantage that the removal of the first and possibly the second polar 
body is technically difficult [1-3]. 

Trophectoderm biopsy certainly has the advantage that more cells are 
available to carry out the diagnostic procedure. A human blastocyst contains 
about 200 cells. If a small opening is made in the zona pellucida, a small 
number of cells (10-30) herniate through the slit and can be excised [4]. Such a 
number of cells would make the further genetic analysis more easy. Blastocysts 
can be obtained after IVF and further in vitro culture but the number of 2-PN 
oocytes reaching the blastocyst stage has remained low, i.e., only 20%-25% of 
the normally fertilized oocytes. It may be possible that better in vitro culture 
conditions, for example, using coculture systems, will increase the blastocyst 
formation rate. Another approach to obtaining blastocysts is uterine lavage 
after in vivo or in vitro fertilization [5]. In practice, lavage is practically pos- 
sible only after superovulation, and so far very few embryos have been re- 
covered. Both the mediocre yield of blastocysts after IVF and in vitro culture 
and the poor results after superovulation and uterine lavage have had as a 
consequence that trophectoderm biopsy has not been applied clinically [6]. 
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Embryo biopsy at the cleavage stage is another approach which so far has 
been most often and most succesfiilly applied at the clinical level. IVF can be 
considered a well-established proceWe to obtain preimplantation embryos 
with about eight blastomeres. Various steps are involved in IVF: (a) ovarian 
superovulation to obtain several preovulatory oocytes, (b) retrieval of the 
cumulus-oocyte complexes, (c) selection of motile spermatozoa from the 
partner’s semen, (d) insemination of the cumulus-oocyte complexes, (e) in 
vitro culture in medium, (f) assessment of fertilization 16-18 h after juxta- 
position with the spermatozoa, and (g) evaluation of further embryo devel- 
opment 24 h and 48 h later. Eight-cell embryos are usually present at about 
72 h after oocyte retrieval. This can be planned to occur early in the morning of 
day 3 after oocyte pick-up [7-9]. It has been the experience of all groups 
performing IVF that oocytes may fail to become fertilized, especially in couples 
with severe male-factor infertility. Several procedures for assisted fertilization 
have been developed to overcome this problem. The intracytoplasmic injection 
procedure of a single spermatozoon (ICSI) especially, has been successful in 
alleviating infertility in patients with even extremely impaired semen [10]. In 
some situations, spermatozoa obtained after microsurgical sperm aspiration 
such as in congenital bilateral absence of the vas deferens (CBAVD) or even 
sperm obtained after testicular sperm extraction in obstructive and non- 
obstructive azoospermia can be used [11]. 



Biopsy Procedures at the Cleavage Stage 

Embryo biopsy on an eight-cell embryo involves the removal by micro- 
manipulation of one or two blastomeres. The requirements for a successful 
biopsy procedure are (a) that the removed blastomere be intact and suitable for 
the diagnostic procedure, (b) that the biopsied embryo retains its full devel- 
opmental potential to implant into the uterine endometrium, and (c) if ne- 
cessary, that the biopsied embryo can be successfully frozen and thawed. The 
number of blastomeres that are removed depends on the stage of embryo 
development in which the embryo biopsy is carried out. The more cells present 
in the embryo, the more cells can be removed. For eight-cell embryos two 
blastomeres can be biopsied. Hardy et al. reported in 1907 that the removal of 
one or two cells at the eight-cell stage reduced the cellular mass but did not 
affect preimplantation development in vitro to the blastocyst stage between 
days 5 and 6; many biopsied embryos hatched from the zona pellucida in vitro. 

Different procedures have been reported for the removal of blastomeres. In 
our Center in earlier cases of pelvic inflammatory disease (PID) a hole was 
made in the zona pellucida using acid Tyrode’s solution, followed by the in- 
sertion of a biopsy pipette and gentle aspiration of the blastomere in the 
pipette. The pipette was then removed and the blastomere expelled in the 
surrounding medium. Later, the blastomeres were removed by placing the hole 
in the zona pelUucida at 12 h and extruding the blastomere through the hole by 
gentle pushing with a blunt pipette at 3 h [12]. The extrusion method is now 
preferred because the risk of lysing the blastomere is smaller and because the 
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morphology of the blastomere is better preserved, which is important for FISH. 
The biopsy procedure was validated in a large experimental study investigating 
the in vitro and in vivo development of cryopreserved and noncryopreserved 
eight-cell mouse embryos, from which one to seven blastomeres were removed 
by micromanipulation. When up to three blastomeres were removed, there was 
no significant effect on the rate of in vitro blastocyst formation. Living young 
were found even after the biopsy of four blastomeres, and after biopsy of one 
or two blastomeres, the same percentage of living young was obtained as in the 
nonbiopsied control embryos. Survival after cryopreservation was excellent 
and no different from nonbiopsied embryos, independently of the number of 
blastomeres biopsied. Cryopreservation had no further impact on the in vitro 
and in vivo development of the biopsied embryos [13]. 

Diagnostic Procedures on Single Blastomeres 

In conventional prenatal diagnosis the diagnostic analysis can be carried out 
on a few mg of chorionic tissue or on a few millions of amniocytes. In pre- 
implantation diagnosis at the eight-cell cleavage stage embryo only one or two 
blastomeres are available for genetic analysis. Extremely sensitive techniques 
must be used, such as PCR and FISH. 



Polymerase Chain Reaction 

Initially described in 1985, PCR has been modified in recent years and is now a 
fully automatic procedure [14, 15]. PCR has many applications in science and 
medicine, in fundamental research, and in diagnostic methods. 

The human haploid genome contains about 3 x 109 base pairs of DNA. 
Genetic disorders may be caused by several changes in DNA. These changes 
may involve a point mutation or the deletion or insertion of one or a few base 
pairs. Before PCR, complicated indirect methods were used to detect these 
small changes in the DNA. The cyclical process in PCR makes millions of 
copies of a small portion of DNA; in each PCR cycle the amount is doubled. It 
becomes easy to detect an error in the amplified portion of this DNA since 
millions of copies of DNA are present. 

The principle of PCR is simple and mimics DNA replication in mitosis: each 
of the two daughter cells has the same amount of DNA as in the dividing cell. 
The two complimentary DNA strands become separated and an exact com- 
plimentary copy of the single-stranded DNA is made using the DNA building 
blocks present in the cell: the four deoxynucleotides dATP, dCTP, dGTP and 
dTTP. DNA synthesis occurs always in one direction, i.e., 5'-phosphate group 
of deoxyribose of the added deoxynucleotide is added to the 3'-phosphate 
group of the preceding deoxynucleotide. The enzyme polymerase requires as a 
starting point a small piece of double-stranded DNA. PCR mimics this process 
by mixing in a test tube the different components required for the synthesis: 
(a) double-stranded target DNA such as the DNA which is present in a single 
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blastomere, (b) thermostable DNA polymerase, usually Taq polymerase from 
the thermophylic bacterium Thermus aquaticus, (c) the four deoxynucleotides 
and (d) two short single-stranded oligonucleotides or primers (20 or 30 base 
pairs usually). The two primers are synthesized in the laboratory and are 
selected in terms of the piece of DNA to be analyzed in the target DNA. They 
are complimentary to the end parts of the target DNA and are the starting 
points of the DNA synthesis by the polymerase enzyme. A PCR cycle usually 
consists of three steps: (a) heating at 94°C to denature the target DNA and to 
make single-stranded DNA, (b) annealing at 50°-60°C to hybridize or bind the 
primers on to the target DNA, and (c) synthesis of new DNA from the primers 
by Taq polymerase at 72°C, which is the optimal temperature for this ther- 
mophylic enzyme. In each cycle the piece of DNA located between the two 
primers is doubled. After 30 cycles 109 copies are made of the DNA fragment 
and after 50 cycles 1015 copies. A PCR apparatus preprogramed for the changes 
in temperature makes this an automated procedure. PCR is highly specific and 
sensitive and millions of copies of a piece of DNA can be made in 5-6 h. 

An additional advantage of PCR is that it can be applied on each piece of 
DNA in the genome if the sequence of that piece is known to synthesize the two 
primers in the laboratory. Theoretically PCR allows preimplantation diagnosis 
of each genetic disease with a known molecular defect. In practice one must 
verify each time that the synthesis of the target sequence is specific and effi- 
cient. Target sequences with many repeats of, for example, a CA dinucleotide 
repeat may cause problems. There may also be problems of sensitivity when a 
target sequence from contaminating DNA from the operator, or from a pre- 
vious PCR reaction gives a false-positive reaction. Special precautions are 
necessary to avoid such contamination. 

Two examples will illustrate the use of PCR for preimplantation diagnosis on 
biopsied single blastomeres: (a) PCR for X- and Y-specific sequence for gender 
determination and (b) PCR for the detection of the DF508 deletion of cystic 
fibrosis transmembrane regulator gene in human embryos resulting from in- 
tracytoplasmic sperm injection with epididymal sperm. 



Amplification of X- and Y-Chromosome Specific Regions from Single Human Blastomeres 

A PCR assay is used for the simultaneous detection of X and Y chromosomes 
in human blastomeres [16]. The PCR mixtures are decontaminated by in- 
cubation with 2 U restriction enzyme Alul at 37°C for 3 h. The restriction 
enzyme is then inactivated by incubation at 65°C for 20 min. The mixture is 
added to heat-denatured blastomeres and blanks. In a first round of PCR both 
X- and Y-specific fragments are amplified with primers which are common to 
both chromosomes and are derived from the X-linked steroid sulfatase gene 
and the Y-linked pseudogene. In a second round of PCR, fragments specific to 
each chromosome are generated: both an X and a Y fragment in male embryos, 
only an X fragment in females. The efficiency and accuracy of this assay are 
high; it generates no false-positive amplification signals and allows sexing in 
about 6 h after embryo biopsy. In an example from our Center, 115 bias- 



Preimplantation Diagnosis 



369 



tomeres were obtained from 23, two- to eight-cell embryos, after removal of the 
zona pellucida and incubation in Ca^"^- and Mg^'^-free medium. Of these 115 
blastomeres, 11 (9.6%) did not show a clear nucleus after careful light mi- 
croscopic examination and were not used for further analysis by PGR. In 88 
out of 104 blastomeres (84.6%), X-specific (female blastomeres) or X- and Y- 
specific (male blastomeres) fragments were detected after amplification. The 
PGR results for different blastomeres from the same embryo were always 
concordant: all individual blastomeres were either typed as male or as female. 
As expected, all male embryos also always showed an X-chromosome-specific 
fragment. In contrast, 16 blastomeres (15.4%) showed neither X-specific nor Y- 
specific fragments after amplification. No amplification signals were detected 
in 104 blank samples. These results show that decontamination with Alul is 
very efficient. Of the 23 embryos, 9 were found to be male and 14 female. There 
is no statistical difference between the theoretical distribution (11.5 male and 
11.5 female embryos) and the observed distribution by two analysis. This PGR 
assay is believed to be suitable for preimplantation diagnosis for couples at 
risk of X-linked genetic diseases. 



Preimplantation Diagnosis of the Cystic Fibrosis DF508 Mutation by PCR 
in Human Embryos Resulting from ICSI with Epididymal Sperm 

Men with congenital bilateral absence of the vas deferens have been regarded 
as presenting a mild form of cystic fibrosis. In our Genter preimplantation 
diagnosis was carried out in an infertile couple in which both partners are 
carriers of the DF508 mutation and the male partner has GBAVD [17-19]. 
Microsurgical epididymal sperm aspiration was performed to obtain sperma- 
tozoa; 12 oocytes were retrieved after controlled ovarian stimulation and 
ovulation induction. IGSI was carried out on all 12 oocytes that had extruded 
the first polar body and 11 oocytes remained intact after injection. Five oocytes 
were fertilized normally and cleaved to the four- to eight-cell stage. One or two 
blastomeres were removed by micromanipulation. Single blastomeres were put 
into PGR tubes containing 20 pi of distilled water. Two consecutive PGRs with 
nested primers were performed. After PGR the results indicated that two em- 
bryos were affected (homozygous for the DF508 mutation) and three embryos 
were carriers of the DF508 mutation. In one blastomere, no DNA amplification 
was obtained by PGR. None of the six blanks showed any sign of false-positive 
amplification. The three carrier embryos were morphologically sound and were 
transferred into the uterus on day three after IGSI. The patient conceived and 
had an uneventful pregnancy. Amniocentesis was carried out at 16 weeks of 
pregnancy and the result showed (a) a normal 46, XY karyotype and (b) the 
heterozygous carrier status for the DF508 mutation. The patient delivered a 
healthy boy. 

The use of PGR has also been applied for the diagnosis of Duchenne’s 
muscular dystrophy [20] and more recently for Steinerf s myotonic dystrophy 
[21, 22] by looking at the presence in the blastomeres of the unaffected allele of 
the affected parent because the expanded allele cannot be amplified by PGR. 
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Fluorescent In Situ Hybridization 

Another approach to gender determination in an embryo consists of coloring 
the X and Y chromosomes by FISH [23-27]. DNA sequences specific to each 
human chromosome have been isolated in recent years. These sequences may 
correspond to one gene, a part of a gene or a DNA region which is present only 
once on a particular chromosome. In FISH one is mainly interested in repeat 
sequences which can be detected rapidly and easily. Such sequences are present 
in the centromeric regions of the chromosomes. Especially centromeric probes 
are used to detect specific chromosomes by FISH. Such probes can be labeled 
in vitro with fluorochrome dyes. This can be achieved by (a) direct in- 
corporation of the fluorochrome couplet to a nucleotide or (a) indirectly by 
incorporation of a biotin-labeled nucleotide which can be visualized by an 
avidin-fluorochrome complex. The chromosomes in a blastomere are (a) fixed 
on a microscopic slide and (b) heated to make the chromosome and the labeled 
DNA probe single-stranded. Using appropriate conditions the probe can then 
hybridize on complimentary regions in the chromosomes. After washing out 
the unbound probe the fluorescence of the chromosomes can then be detected 
under the fluorescence microscope. Using different fluorochromes to label the 
X and Y chromosome with specific centromeric probes, it becomes possible to 
observe in a single blastomere two X chromosomes (female embryo) or one X 
and one Y chromosome (male embryo). FISH is suitable for preimplantation 
diagnosis on embryos because of its sensitivity and efficiency and because it 
takes about 6-8 h to carry out the whole procedure. Unlike PGR, contamina- 
tion is not a problem when FISH is used. This procedure is now preferentially 
used for sex determination. By using supplementary and specifically labeled 
probes for chromosomes 21, 18, and 13, the most common aneuploidies can 
also be diagnosed [28]. Procedures are now worked out to diagnose un- 
balanced chromosomal translocations in embryos from balanced translocation 
carriers. 



Clinical Experience with Preimplantation Genetic Diagnosis 

The clinical experience is still limited. Around 40 children have been born so 
far, most of them at the Hammersmith Hospital in London where the team of 
Winston and Handyside started this novel procedure [29-31]. The pregnancy 
rate and take home baby rate seems to equal the results obtained in regular 
IVF. In our Center 17 cycles were started to perform preimplantation diagnosis 
for 11 patients. One cycle had to be canceled before oocyte retrieval. In two 
cycles, no cleavage stage embryos developed and in three others no embryos 
were available for transfer after preimplantation diagnosis. Three pregnancies 
occurred in 11 cycles in which embryos were replaced in the uterus. Two 
healthy babies were born and one is going to be born respectively to a couple at 
risk for cystic fibrosis, a couple at risk for Duchenne’s muscular dystrophy and 
a couple at risk for hemophilia A (Table 1). 



Table 1. PIDs carried out at the Brussels Free University 
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Conclusion 

So far it seems that preimplantation diagnosis is performed only in a limited 
number of couples at risk. However, before any firm conclusions can be drawn 
further evaluation is necessary both at the technical level and at the clinical 
application level. 
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In the past, whenever a patient presented with a miillerian fusion defect that 
was thought to be the cause of recurrent pregnancy loss, a Jones, Strassman, or 
Tompkins procedure would be performed by laparotomy. These procedures 
required lengthy anesthesia. Surgery could be complicated by infection or 
hemorrhage, necessitating antibiotic treatment and blood transfusions. Also, 
because the full thickness of the uterine fundus was surgically damaged, the 
patient would require cesarean section for future deliveries. Some women 
became infertile as a result of adhesions or tubal occlusion, developing sec- 
ondary to the procedure itself. Many miillerian fusion defects are, however, 
amenable to hysteroscopic treatment. 



Uterine Septum 



The endoscopic technique for the management of uterine septa was first 
proposed by Edstrom and Fernstrom in 1910 [1], but the method has become 
widely only used in recent years. Several different procedures have been 
adopted, with more or less similar results. The basic concept involves the 
transcervical observation of the uterine septum by means of hysteroscopy, 
followed by its resection. The use of operative hysteroscopes permits the 
passage of surgical instruments. Several authors [2, 3] use liquid distension 
media in the uterine cavity, while others prefer CO 2 [4]. We use a liquid 
medium for all hysteroscopic surgical procedures. 

The traditional liquid distension medium has been dextran 10 or a solution 
of 5 %, dextrose; glycine is now preferred by most authors. This medium is not 
viscous, permits a clear visual field, and is not a conductor of electricity. If 
electricity is not used, saline or Ringer’s lactate can be employed. These are 
well tolerated when absorbed into the system. 

Various instruments can be used for the resection of the septum. Miniature 
scissors were formerly used for the incision, but these did not cut efficiently 
because they were nonrigid. Semirigid miniature scissors can be used for this 
type of surgery; they permit the required pressure but are small enough to pass 
through the hysteroscopic operating sheath and along the cervical canal with 
no difficulty or risk. The blades can be opened wide enough to allow resection 
of even thick septa. Other surgeons [5, 6] prefer to use the resectoscope, with 
cutting currents ranging from 30 to 40 W/s. The resectoscope has several ad- 
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Fig. 1. Partial uterine septum: hysterography 



vantages: it is inexpensive and readily available in most operating rooms, as 
well as being simple to operate and highly efficient at removing the septum. 
Hamou [7] reported the use of true electric knives, consisting of a miniature 
electric probe that is passed along the hysteroscopic operating sheath. He also 
uses an electric cutting current, although high-frequency electric sources are 
advised for safety reasons. Finally, others [8-11] have suggested the use of 
lasers for this type of hysteroscopic surgery. 

Between 1986 and 1995 124 patients in our Department underwent a hys- 
teroscopic septoplasty with the help of the Nd:YAG laser. In 86% of cases (107/ 
124), the uterine septum was partial (Fig. 1) and in 14% of cases (17/124) the 
uterine septum was complete with cervical duplication (10 cases 1986-1993, 
Nd:YAG laser septoplasty in two steps; 7 cases 1994-1995, Nd:YAG laser sep- 
toplasty in one step). A vaginal septum was noted in 10 cases (8%). The 
diagnosis of a complete uterine septum may be delayed, particularly if a va- 
ginal septum is associated [12]. Indeed, the vaginal septum can be easily 
misdiagnosed by gynecological examination, and at hysterosalpingography the 
uterus appears to be unicornuate unless there is a fistula between the two 
uterine cavities (Fig. 2). However, in the absence of a vaginal septum the 
diagnosis is simple because two distinct external cervical orifices are clearly 
visible. The opacification through these two orifices allows the diagnosis of a 
septate uterus with cervical duplication. 
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Fig. 2. Complete uterine septum 
(uterocervical septum) with a fis- 
tula between the two uterine cav- 
ities 







Partial Uterine Septum 

Whatever the instrument used, the surgeon begins with resection of the septum 
(Fig. 3), continuing until it has been resected almost flush with the sur- 
rounding endometrium. Regardless of the type of medium employed the sur- 
geon must be able to see the right and left cornual regions completely and keep 
the septum in view at all times. Concurrent laparoscopy at the time of hys- 
teroscopic resection is recommended to confirm the diagnosis. 

Querleu and coworkers [13] removed uterine septa using scissors without 
the help of hysteroscopy. Peroperative echography was performed to distin- 
guish the septum from the myometrium. De Cherney and colleagues [5] ad- 
vanced the loop of the resectoscope with cutting currents ranging from 30 to 
40 W/s. The septum thus melts away. Care must be taken, however, to ensure 
that the laparoscopic observer constantly advises the hysteroscopist that the 
uterus is free of all contact with the bowel, bladder, and other organs. Argon, 
krypton, KTP 532, and Nd:YAG lasers have all been used successfully in re- 
section of uterine septa; however, certain limiting factors must be taken into 
consideration. First, Hyskon should not be used because caramelization can 
prove troublesome and may damage the laser fiber, resulting in delay while 
fibers are replaced or repaired. Second, the surgeon must be thoroughly ac- 
quainted with the physics of the particular laser being used. Third, only bare 
fibers should be used, as C02-conducting fibers may cause bubbling of the 
medium which may lead to gas embolism, cardiovascular compromise and 
even death. In our Department the resection of uterine septa is systematically 
carried out using the Nd:YAG laser. The septum is cut using the touch “tech- 
nique” (Fig. 3). The hysteroscope with the laser fiber is advanced and melts 
away the septum, while visual contact is maintained with the right and left 
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Fig. 3. A Resection of the uterine 
septum is carried out with the 
help of the Nd:YAG laser. B The 
septum is cut using the touch 
technique. The hysteroscope with 
the laser fiber is advanced. The 
septum is melted away by a 
simple advancement of the bare 
fiber. C Final view 
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Uterine ostia. The mean time of hysteroscopic resection is less than 15 min. The 
risk of fluid overload is therefore minimal. 

The most delicate part of the procedure is probably deciding exactly when 
the resection is sufficient, and when continuing would cause damage to the 
myometrium and immediate complications such as perforation or mor« de- 
layed complications such as uterine rupture during pregnancy. Almost all 
surgeons stop resection when the area between the tubal ostia is a line (Fig. 2). 
Simultaneous laparoscopic control is extremely useful for this purpose, espe- 
cially for beginners, and when electricity is used. Querleu and associates [11] 
use echography to distinguish the septum from the myometrium, and thus 
making the decision to stop the resection easy. 



Complete Uterine Septum 

For many years only partial septal defects were treated hysteroscopically, and 
wide (> 2 cm) or complete septal defects were corrected via an abdominal 
metroplasty. Donnez and coworkers [10, 11] have described a method that 
allows even complete septal defects to be managed hysteroscopically. Rock and 
colleagues [14] proposed the use of the resectoscope for the lysis of a complete 
uterine septum by means of a new method which makes it possible to leave the 
cervical septum intact, thus avoiding any subsequent cervical incompetence. 
To treat a complete uterine septum they described a one-stage method in 
which the other cervical os is occluded with the balloon of a Foley catheter to 
prevent loss of the distending medium. They believe that it is better not to 
remove the cervical canal since this might lead to subsequent cervical in- 
competence. We do not agree with this hypothesis, and all complete uterine 
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septa are removed using the following surgical procedure, previously done in 
two steps but now in one. 

In some cases not only is a double cervical canal observed, but a vaginal 
sagittal septum is also present in the upper vagina or throughout its length 
(Fig. 4A). In the first step the vaginal septum (if present) is resected using a 
CO 2 laser or unipolar coagulation (Fig. 4B). The cervical septum is then incised 
with the scissors (Fig. 5A) or with a CO 2 laser connected to a colposcope until 
the lower portion of the uterine septum is seen. The second step is performed 2 
months after the first operation, when the aspect of the external cervical os is 
completely normal (Fig. 5B). Nd:YAG laser resection of the uterine septum is 
then carried out (Fig. 5C). The hysteroscope is advanced while visual contact is 
maintained with the right and left uterine ostia. Because the septum is poorly 
vascularized, bleeding is usually minimal. Hystero salpingography demon- 
strates the presence of a normal, single cervical canal 2 months after the first 
step and a normal uterine cavity 2 months after the second step. Nowadays all 
cases of complete uterine septa with or without a vaginal septum are managed 
in one step. Indeed, of the last seven patients whom we have treated, five had a 
complete vaginal septum which was resected immediately prior to the cervical 
and uterine septum resection. 




Fig. 4. A Vaginal sagittal septum. B Resection of the vaginal septum using unipolar 
coagulation 
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Fig. 5. A The cervical septum is incised 
with the scissors. B External cervical os is 
completely normal. C Dilatation of the 
cervical canal before the uterine septum 
resection 
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Pre- and Postoperative Management 

Following excision of very wide septa, the surgeon’s vision may be obscured by 
pieces of resected tissue and at times by uterine bleeding. The Nd:YAG laser 
produces no debris and carries a reduced risk of bleeding. Several authors have 
suggested preoperative treatment with danazol or luteinizing hormone re- 
leaseing hormone agonists; others [1] inject a solution of pitressin into the 
cervix. Neither pitressin nor hormone administration is required with laser 
therapy. 

Although preoperative hormonal therapy causes atrophy of the en- 
dometrium and reduces vascularization and intraoperative bleeding, it also 
reduces the depth of the myometrium and therefore increases the risk of 
perforation and/or myometrial damage. 

Postoperatively, a broad-spectrum antibiotic is administered for 3-4 days. 
To avoid the risk of synechiae, an intrauterine device (lUD; Multiload) is 
inserted into the uterine cavity. Hormone replacement therapy with estrogens 
(100-200 jug ethinylestradiol) and progestogens (5-15 mg lynestrenol) is given 
for 3 months. De Cherney and coworkers [5], however, use neither hormone 
replacement therapy nor lUD. Formerly, Perino and associates [15] adminis- 
tered both estrogens and medroxyprogesterone and inserted an lUD, but they 
have recently abandoned these measures and now administer no postoperative 
therapy. Hamou [1] performs a hysteroscopic procedure 1 month after surgery 
in order to separate synechiae, if necessary. 

Almost all authors agree that a follow-up examination should be performed 
1-2 months after the operation, irrespective of the postoperative management. 
Inspection can be made by means of either hysterosalpingography or hys- 
teroscopy. Hamou [7] performs a hysteroscopic inspection 1 month after re- 
section of the septum; in his opinion, this is early enough to prevent the 
development of synechiae. 

In our Department the postoperative morphology of the uterine cavity is 
systematically evaluated 4 months after the resection. One month after the 
removal of the lUD a hysterosalpingography is carried out; the morphology of 
the uterine cavity almost always resembles that of an arcuate uterus. Indeed, it 
is preferable not to resect the septum too much but to leave a sufficient depth 
of myometrium at the top of the uterus. A hysteroscopy is also performed to 
confirm that reepithelialization of the resected endometrial area has occurred. 



Results and Complications 

De Cherney and associates [5] reported the successful use of the urological 
resectoscope in 72 out of 103 women, with a term pregnancy rate of 80%. Valle 
and Sciarra [3] reported a term pregnancy rate of 78% (46/59). In our series of 
17 complete uterine septa 10 of 17 women became pregnant, and no signs of 
cervical incompetence were observed. The last patient is still being treated with 
an association of estrogens and progestogens. Prophylactic cerclage was never 
performed after resection of a complete cervical and uterine septum. Following 
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hysteroscopic metroplasty caesarean section should be performed only for 
obstetric reasons. 

The full-term pregnancy rate reported in various studies [5] ranges from 
70% to 80%. Operative hysteroscopy is a safe and effective method for 
managing uterine septa associated with recurrent pregnancy loss and makes 
future vaginal delivery possible. 

In our series preoperative and postoperative complications were en- 
countered in only three cases (2.4%). Classical preoperative complications such 
as fluid overload, hemorrhage, and perforation could result from the hys- 
teroscopic procedure itself. In our series of 124 patients no fluid overload or 
hemorrhage was encountered, and a perforation was noted in only one case. 
This was due to the fact that the patient had already undergone a uterine 
septum resection a few months before, which was considered to be insufficient. 
The postoperative hysterosalpingography revealed a persistent uterine septum 
which needed to be resected a second time. Upon diagnosis of the perforation, 
a laparoscopy enabled us to exclude serious complications such as bowel da- 
mage or hemorrhage. 

Two postoperative complications which were encountered in another hos- 
pital were uterine ruptures during delivery. The two cases were twin preg- 
nancies and the deliveries were very long, taking more than 24 h. The patients 
finally delivered by emergency caesarean section. The babies lived, and the 
myometrium was sutured. In the two cases the rupture occurred at the fundus 
of the uterus. Obviously, in normal conditions the delivery can be performed 
vaginally following a uterine septum resection, but in the case of multiple 
pregnancies caesarean section should be considered. 



Noncommunicating Rudimentary Horns 

Pregnancy in a noncommunicating rudimentary horn (Fig. 6) is uncommon 
and usually results in abortion or uterine rupture. Such cases are due to 
transmigration of sperm into the fallopian tube of the affected horn. Most of 
the complications occur within the first 20 weeks: the most severe are uterine 
rupture and maternal death. Raman and colleagues [16] recently described an 
17-week pregnancy occurring in a rudimentery horn, treated by laparotomy 
and excision. To avoid maternal complications we systematically perform an 
excision of the rudimentary horn. A laparoscopic hemihysterectomy can easily 
be carried out using the same techniques as for laparoscopic hysterectomy. In 
rare cases such noncommunicating rudimentary horns can lead to dysme- 
norrhea and should then be laparoscopically removed. 

A Foley catheter is inserted during surgery to empty the bladder. Four 
laparoscopic puncture sites including the umbilicus are used: 10 mm umbili- 
cal, 5 mm right, 5 mm medial, and 5 mm left lower quadrant sites. These are 
placed just above the pubic hairline, and the lateral incisions are made next to 
the deep epigastric vessels. A cannula is placed in the single cervix for ap- 
propriate uterine mobilization. A bipolar forceps is used to compress and 
desiccate the fibrous tissue between the horns. The tissue is then cut with 
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Fig. 6. A Noncommunicating rudimentary horn. B Rudimentary right uterine horn. 
Hysterography: normal left uterine horn 



scissors and with a CO2 laser. Bipolar coagulation is used to coagulate the 
pedicle. Scissor division is carried out close to the line of desiccation to ensure 
that a compressed pedicle remains. The mesosalpinx is then cut. If necessary, 
the peritoneum of the vesicouterine space is grasped and elevated with a for- 
ceps, while the scissors dissect the vesicouterine space. Aquadissection may be 
used to separate the leaves of the broad ligament, distending the vesicouterine 
space and defining the tendinous attachments of the bladder in this area, which 
are coagulated and cut. The tube of the affected horn is then removed. The 
external tubal vessel is identified and exposed by applying traction to the 
adnexa with an opposite forceps. 

The dissection of the two horns is performed as follows. If there is true 
separation of the two horns, the fibrous tissue is coagulated with bipolar 
coagulation and then cut with scissors or with the CO2 laser. If there is no 
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external separation of the two horns, the dissection is more difficult; after 
coagulation the myometrium must be cut to allow removal of the rudimentary 
horn. For this purpose bipolar coagulation and the CO 2 laser or the Nd:YAG 
laser fiber can be used, permitting coagulation and resection of the myome- 
trium. 

In the past the rudimentary horn was removed either through the trocar of 
the laparoscope or through a posterior colpotomy in cases of larger rudi- 
mentary horns. Longitudinal (vertical or horizontal) posterior colpotomy can 
be performed either by laparoscopy or through the vagina. A pozzi forceps, 
introduced through the colpotomy incision, grasps the rudimentary horn, 
which was previously pushed into the pouch of Douglas. 

The rudimentary horn is then removed, and the longitudinal colpotomy 
incision is sutured in one layer. For the past 2 years the removal of large 
rudimentary horns has been carried out with the help of a morcellator (Steiner 
morcellator; Storz, Tuttlingen, Germany) previously described for the removal 
of the uterus in laparoscopic supracervical hysterectomy (17) This procedure 
has been successfully performed in our Department in more than ten women. 
Those who became pregnant had a normal vaginal delivery (>36 weeks), except 
one women in whom caesarean section was performed for fetal reasons. 
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Endoscopic and Microsurgical Techniques 
in Reproductive Failure 

M. Vandervorst and P. Devroey 



Introduction 

In the past decade there has been enormous progress in infertility treatment, 
especially in the field of assisted reproductive technology (ART). This evolu- 
tion has resulted in a changing management of the infertile couple, putting 
surgery into the background. 

Many articles with regard to microsurgery in the field of tubal infertility 
have been published. Operative laparoscopy, as an attempt to replace micro- 
surgery, is rather new in this area. Almost no prospective data are known 
concerning fertility outcome after laparoscopic tubal reconstruction. Retro- 
spective crude pregnancy rates after laparoscopy as well as after microsurgery 
fluctuate at around 30%. The frequency of tubal pathology resulting in dis- 
tortion of ovum pick-up and transport is certainly increasing. 

Infertility is often not due to one single factor. The indications for in vitro 
fertilization (IVF), initially developed to treat women with inoperable tubal 
pathology, have been extended. Particularly the introduction of intracyto- 
plasmic sperm injection as a means to treat severe male infertility has added a 
new dimension to infertility treatment. 

This chapter analyzes the future strategies for tubal fertility treatment in the 
light of the retrospective results of microsurgey, laparoscopy, and ART. 



Tubal Infertility 

Disruption of the normal tubal anatomy and function accounts for 40% of 
female infertility (Speroff 1994). Pelvic inflammatory disease (PID), intra-ab- 
dominal infection (appendicitis), pelvic surgery, and less commonly en- 
dometriosis often result in distal tubal occlusion together with several degrees 
of dilatation and mucosal injury (Trimbos-Kemper 1982). Between 1960 and 
1980 infertility as a result of infection increased by a factor 1.6, making PID the 
most common cause of tubal infertility (Westrom 1980). Midtubal occlusion, 
on the other hand, is seen most commonly after surgical sterilization or seg- 
mental tubal resection after an ectopic pregnancy (Urman 1992). An infectious 
process seldom results in a midtubal occlusion. 

The role and etiology of proximal tubal occlusion (uterotubal junction) is 
unclear. It accounts for 10%-25% of tubal occlusions. Amorphous “plugs” 
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Stacked in the tubal lumen have been reported (Sulak 1987). Peritubal and 
periovarian adhesions without true occlusion can aggravate infertility (Gomel 
1983; Fayez 1983). The mobility of the fallopian tube and ovary may be im- 
paired by such adhesions, resulting in a poor ovum pick-up. Gomel (1983) 
states that adhesions are not an isolated problem but are probably associated 
with significant endothelial tubal damage. Bowman and Cooke (1994) confirm 
this. They found a strong correlation between the degree of tubal mucosal 
damage confirmed by salpingoscopy and the extent of pelvic adhesions in 
patients who have a history of PID. This correlation has not been demonstrated 
in patients with adhesive disease as a result of endometriosis. 

The goal of surgery in cases of tubal infertility is to restore the salpingo- 
ovarian anatomy and tubal lumen in such a way that fertilization and passage 
of the zygote to the uterine cavity can take place with no problem. However, 
mucosal damage cannot be rectified by surgery. 



Microsurgery Versus Laparoscopy 

Microsurgery now extends far beyond the initial application of magnification 
techniques in conventional surgery. Its main purpose is to minimize tissue 
disruption and peritoneal trauma on the basis of a few rules. Magnification 
allows a careful hemostasis, constant peritoneal irrigation, and gentle tissue 
handling as a result of better recognition of various tissue structures. 

The introduction of microsurgical principles into operative laparoscopy 
provides certain advantages (Gomel 1995). A closed peritoneal cavity prevents 
desiccation of the peritoneal surface. No foreign bodies are brought into 
contact with the peritoneal surface, and there is thus no foreign body reaction. 
Laparoscopy offers an excellent magnification with good visualization and il- 
lumination, while irrigation can expose bleeding vessels. Fine electrodes can be 
used to coagulate very small blood vessels. 



Nomenclature 

Various published reports on tubal surgery are difficult to compare because of 
the lack of universally accepted nomenclature and classification. At the Tenth 
World Congress of Fertility and Sterility held in Madrid (1980) a workable and 
acceptable classification was proposed to describe tubal reconstructive surgery 
techniques. This classification does not take into account the nature and extent 
of the pathology (Gomel 1980): 

- Salpingolysis-ovariolysis: lysis of periadnexal adhesions 

- Lysis of extra-adnexal adhesions 

- Tubouterine implantation 

- Tubotubal anastomosis 

- Salpingostomy (salpingoneostomy): surgical creation of a new tubal ostium 

- Fimbrioplasty: reconstruction of existing fimbria 
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- Other reconstructive tubal operations 

- Combination of various types of operations 



Ovariolysis and Salpingolysis 

The role of adhesions in infertility is controversial. Tulandi et al. (1990) 
compared two groups of patients, with no significant differences in the extent 
of adhesions. One group of 69 patients underwent microsurgical adhesiolysis, 
while another group of 78 patients were not treated. Cumulative pregnancy 
rates after 1 and 2 years were, respectively, 32% and 45% in the treated group 
and 11% and 16% in the untreated group. This study reveals a conception rate 
after ovariosalpingolysis which is three times higher, suggesting that adhesions 
indeed play a role in infertility. Marana et al. (1995), on the other hand, found 
no correlation in a prospective study on 29 patients undergoing ovar- 
iosalpingolysis, either laparoscopical or microsurgical, between the extent of 
adhesions (AFS 1988) and the occurrence of a term pregnancy. The outcome 
was strongly associated with the tubal mucosal state. 



Microsurgery 

Microsurgical ovariosalpingolysis using scissors, electrocautery, and CO 2 laser 
have been reported. 

Pregnancy rates vary between 36.7% (Frantzen 1982) and 75% (Fayez 1982). 
The latter was based on a very small cohort of eight patients undergoing the 
procedure. Analysis of the literature reveals a mean pregnancy rate after mi- 
crosurgical adhesiolysis of 51.2% or intrauterine pregnancy rate of 47.6%. 

Fayez (1982) and Donnez (1986) observe that two-thirds of pregnancies 
occur during the first year after the procedure. Tulandi et al. (1986) report a 
mean interval between intervention and conception of 9.9 months. 

The effect of the various techniques has also been studied several times. 
Tulandi et al. (1986) could demonstrate no difference in pregnancy rates after 
microsurgical ovariosalpingolysis using the CO 2 laser or microdiathermy 
needle. Although the interval between the operation and conception is shor- 
tened by 3.2 months (13.1-9.9) with the use of the laser. 

Watson et al. (1990) emphasize the role of expertise in this kind of surgery. 
They find a much lower pregnancy rate (21%) in two nonspecialized hospitals 
performing the procedure. 

The outcome of microsurgical ovariosalpingolysis is listed in Table 1. 



Laparoscopy 

Laparoscopic adhesiolysis can be carried out with scissors (Gomel 1983; Fayez 
1983), electrocautery (Marana et al. 1995), or CO 2 laser (Donnez et al. 1989). 

In 1983 Gomel published a retrospective series of 92 patients undergoing 
laparoscopic salpingo-ovariolysis by scissors. Fifty-seven (62%) achieved at 
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Table 1. Outcome after microsurgical ovariosalpingolysis 



Reference 


n 


Pregnancy 
rate (%) 


Intrauterine 

(%) 


Ectopic 

(%) 


Fayez (1982) 


8 


75 


100 


0 


Frantzen (1982) 


49 


40.8 


36.7 


4.1 


Donnez (1986) 


42 


66.7 


64 


2 


Tulandi (1986) 


63 


57.1 


52.4 


4.8 


Tulandi (1990) 


69 


49.3 


42 


7.2 


Singhal (1991) 


78 


46.2 


41 


5.1 


Total 


309 


51.2 


47.6 


4.9 



least one intra-uterine pregnancy, while 54 patients (58.7%) had at least one 
term pregnancy. Ectopic pregnancy was observed in 5 patients (5.4%). Com- 
parable results were reported by Fayez (1983), also using laparoscopic scissors. 
The authors state that the ectopic pregnancy rates are a reflection of en- 
dosalpingeal damage linked with the adhesions. 

Using a CO 2 laser for adhesiolysis, Donnez (1989) obtained a pregnancy rate 
of 58%, suggesting that there is no difference between the use of various 
techniques. He failed to find a difference in conception interval. Results of 
laparoscopic salpingo-ovariolysis are listed in Table 2. 



Fimbrioplasty 

More frequently than in pelvic adhesions the underlying process of fimbrial 
agglutination turns out to be a PID. Endosalpingeal damage is a common 
finding associated with this fimbrial stenosis. If occlusion is present, it is 
usually partial (Lavy 1987; Benadiva 1995). 

The aim of fimbrioplasty is to incise fibrotic fimbrial bands responsible for 
stenosis and to dilate fimbrial phimosis. 



Microsurgery 

Pregnancy rates after microsurgical fimbrioplasty are comparable to those 
observed after adhesiolysis, with a mean around 60% (Table 3). 



Table 2. Outcome after laparoscopic ovariosalpingolysis 



Reference 


n 


Pregnancy 
rate (%) 


Intrauterine 

(%) 


Ectopic 

(%) 


Delivery 

(%) 


Gomel (1983) 


92 


67.4 


62 


5.4 


58.7 


Fayez (1983) 


50 


60 


56 


4 


46 


Donnez (1989) 


186 


58 


- 


- 


- 


Total 


328 


61 


59.8 


4.9 


54.2 
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Table 3. Outcome after microsurgical fimbrioplasty 



Reference 


n 


Pregnancy 
rate (%) 


Intrauterine 

(%) 


Ectopic 

(%) 


Fayez (1982) 


1 


57.1 


57.1 


0 


Donnez (1986) 


132 


61.4 


59.8 


1.5 


Lavy (1987) 


134 


59.7 


53.7 


5.9 


Total 


273 


60.4 


56.8 


3.7 



Laparoscopy 

Pregnancy rates after laparoscopic fimbrioplasty vary around 35%, with an 
ectopic pregnancy rate between 9.7% and 14% (Fayez 1983; Dubuisson 1990). 
Compared to salpingo-ovariolysis, these results are less favorable, probably 
reflecting the more serious salpingeal mucosal affection. The outcome of the 
procedure is described in Table 4. 



Salpingostomy and Salpingoneostomy 

Complete distal tubal occlusion with various degrees of hydrosalpinx forma- 
tion are almost always a sequela of a serious PID. Owing to mucosal damage, 
tubal dysfunction is usually present. The goal of the operation is to create a 
new tubal ostium by incising the serosa and tubal wall. Eversion of the en- 
dosalpinx is maintained by electrocautery, laser, or microsurgical suturing. 



Microsurgery 

Gomel was one of the godfathers of microsurgical salpingo- and neo- 
salpingostomy. In 1978 he published a series of 41 patients undergoing the 
procedure, using microdiathermy and microsuturing. After 1 year 29% had 
had at least one intrauterine pregnancy, and the live birth rate was around 
27%. Because all ectopic pregnancies and only 40% of intrauterine pregnancies 
occurred during the first year following the operation, Gomel concluded that a 
degree of restoration in the salpingeal mucosa and musculature with a re- 



Table 4. Outcome after laparoscopic fimbrioplasty 



Reference 


n 


Pregnancy 
rate (%) 


Intrauterine 

(%) 


Ectopic 

(%) 


Gomel (1983) 


12 


_ 


50 


_ 


Fayez (1983) 


14 


35 


21 


14 


Dubuisson (1990) 


31 


35.5 


25.8 


9.7 


Total 


57 


35 


30 


11 
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establishment of patency and function is time dependent. Winston et al. (1991) 
also observed an increasing pregnancy rate after the first year. 

A review of the literature reveals a pregnancy rate after microsurgical sal- 
pingo(neo)stomy between 27% and 43%. Almost one-quarter of pregnancies 
are ectopic, while in 58% a pregnancy comes to term. The outcome of mi- 
crosurgical salpingo(neo)stomy is described in Table 5. 

Tulandi (1985) compares the use of a CO 2 laser with electrodiathermy in a 
prospective trial. He did not demonstrate a difference in outcome except 
perhaps for a slight trend to a shorter interval between intervention and 
conception in favor of the laser. This difference was not statistically significant. 

The benefit of repeat microsurgical salpingostomy was confirmed by Win- 
ston et al. (1991). They observed no difference in term pregnancy rates after 
primary and repeat salpingostomy in patients with limited tubal damage. 



Laparoscopy 

Laparoscopic salpingostomy can be carried out with scissors, needlepoint 
unipolar electrode, or CO 2 laser (Tulandi 1995). 

Pregnancy rates after laparoscopic salpingo(neo)stomy after an interval of 6 
months-2 years are around 29%. The intrauterine pregnancy rate is 24.2% and 
is comparable to the rate obtained after the microsurgical procedure. Almost 
20% of the total number of pregnancies are ectopic. Table 6 describes the 
outcome after laparoscopic salpingo (neo)stomy. 



Discussion 

The frequency of tubal infertility due to infectious causes is increasing, re- 
sulting in a growing interest in tubal reconstructive surgery. During the past 
decade a change in surgical treatment of tuboperitoneal disorders has been 
observed. Operative laparoscopy is tending to replace complete laparotomy 



Table 5. Outcome after microsurgical salpingostomy and neosalpingostomy 



Reference 


n 


Pregnancy 
rate (%) 


Intrauterine 

(%) 


Ectopic 

(%) 


Delivery 

(%) 


Gomel (1978) 


41 


39 


26.8 


12.2 


26.8 


Fayez (1982) 


20 


40 


35 


5 


35 


Tulandi (1985) 


67 


26.9 


22.4 


4.5 


_ 


Donnez (1986) 


83 


38.5 


31.3 


7.2 


_ 


Schlaff (1990) 


95 


27.4 


20 


7.4 


_ 


Singhal (1991) 


97 


40.2 


34 


6.2 


28.8 


Winston (1991) 


323 


42.7 


32.8 


9.9 


22.9 


Strandell (1995) 


109 


35.8 


22.9 


12.8 


18.3 


Total 


835 


37.8 


28.9 


8.9 


23.7^ 



^Calculated from a total of 590 patients. 
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Table 6. Outcome after laparoscopic salpingo(neo)stomy 



Reference 


n 


Pregnancy 
rate (%) 


Intrauterine 

(%) 


Ectopic 

(%) 


Fayez (1983) 


19 


11 


0 


11 


Daniell (1984) 


21 


24 


19 


5 


Donnez (1989) 


25 


20 


- 


- 


Dubuisson (1990) 


34 


32.4 


29.4 


2.9 


Canis (1994) 


87 


40.2 


33.3 


6.9 


Dubuisson (1994) 


81 


37 


32.1 


4.9 


Dlugi (1994) 


113 


20.4 


15 


5.3 


Total 


380 


29.2 


24.2 


5 



with microsurgical techniques, as a decade earlier microsurgery did with 
macrosurgery (Fayez 1982). However, the evolution from microsurgery to 
laparoscopy took place without prospective randomized trials. The role of 
ART in tubal infertility has yet to be determined in a prospective controlled 
manner. 

In comparing laparotomy with laparoscopy in general, the latter certainly 
has some benefits. Laparoscopy entails considerably lower peri- and post- 
operative morbidity. Avoiding laparotomy decreases both postoperative dis- 
comfort and analgetic requirements. Hospital stay, convalescence period, and 
interval to work resumption and normal physical activity are shortened. This 
results in socioeconomic arguments in favor of laparoscopy. 

Therapeutic outcome, complication rate, and surgical experience naturally 
determine selection of the technique. However, if the outcomes of micro- 
surgery with laparotomy and operative laparoscopy are similar, the least ag- 
gressive method must be chosen, which is laparoscopy. 

The infertile couple even with a known tubal factor should undergo a 
thorough infertility investigation, including semen analysis, hormonal eva- 
luation with basal day 3 measurements of follicle- stimulating hormone (Be- 
nadiva 1995), hysterosalpingography, and diagnostic laparoscopy. These 
investigations are decisive in referring the couple to a reconstructive tubal 
surgery program or ART program. 

The role of adhesiolysis in promoting fertility has been demonstrated by 
Tulandi et al. (1990). They showed that ovariosalpingolysis promotes the 
ability to conceive by a factor of 3. No significant differences in outcome are 
found after microsurgical and laparoscopic ovariosalpingolysis. Cumulative 
pregnancy rates are between 50% and 60% after a follow-up of up to 2 years 
(Fig. 1). The laparoscopic approach results in an intrauterine pregnancy rate 
that is slightly higher, although does not reach statistical significance (Fig. 2). 
No differences are noted in ectopic pregnancy rates (Fig. 3). If adhesions are 
the only demonstrable factor in infertility, laparoscopic ovariosalpingolysis 
should be the treatment of choice. The results, however, are related to the 
extent of the adhesions. Hulka (1982) demonstrated a strong gradient in pa- 
tients undergoing microsurgical adhesiolysis, with a 47% birth rate for mini- 
mal (avascular, filmy) adhesions, to 0% births with extensive (dense, vascular) 
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Fig. 1. Pregnancy rates by microsurgical and laparoscopic techniques, p < 0.05 in fim- 
brioplasty. (Student’s t test) 




Fig. 2. Intrauterine pregnancy rates by microsurgical and laparoscopic techniques. 
p > 0.05 in the three groups. (Student’s t test) 
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Fig. 3. Ectopic pregnancy rates by microsurgical and laparoscopic techniques, p < 0.05 
in fimbrioplasty. (Student’s t test) 

adhesions. Endosalpingeal damage is a reflection of the adhesive state (Gomel 
1983; Bowman and Coole 1994) explaining these results as well as an ectopic 
pregnancy rate of 4.9%. Surgery should be reserved for patients with mild and 
moderate adhesions. 
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Postoperative adhesion development after infertility surgery is another point 
of interest. Filmar et al. (1987), using a rat model, found no statistically sig- 
nificant difference in adhesion formation after uterine tissue injury, whether 
conducted by laparoscopy or laparotomy. The Operative Laparoscopy Study 
Group (1991) showed that adhesion reformation after laparoscopic ad- 
hesiolysis, occurred in 97% (66 of 68 patients) within 90 days. De novo ad- 
hesion formation, on the other hand, occurred in only 12% of patients (6/68), 
although the score reflecting the type of adhesions (from 0 = no adhesions to 
3 = cohesive adhesions) decreased by 33%. 

When partial distal tubal occlusion is present and associated with fimbrial 
agglutination or phimosis, the surgical approach involves fimbrioplasty. In our 
review we found a statistical increase in pregnancy rates in favor of micro- 
surgery (Fig. 1). Results in terms of intrauterine pregnancy rate after micro- 
surgical salpingolysis and fimbrioplasty are similar (Fig. 2). Ectopic 
pregnancies after fimbrioplasty occur almost three times more frequently in 
the laparoscopic group (Fig. 3). The reason for this difference is not clear. One 
would expect a large ectopic pregnancy rate in the two groups because en- 
dosalpingeal involvement together with fimbrial agglutination is frequently 
present. The difference in number of patients (273 vs. 57) may account for part 
of the diversity of results. 

When a hydrosalpinx with partial or complete distal obstruction is present, 
salpingo- or neosalpingostomy should be carried out. Severe involvement of 
the tubal mucosa is almost always present, resulting in lower pregnancy rates. 
No difference has been found between the microsurgical and laparoscopic 
approaches in total, intrauterine, or ectopic pregnancy rates (Figs. 1-3). 

Several classifications and prognostic factors for successful salpingostomy 
have been analyzed. Schlaff (1990) states that anatomical and functional in- 
tegrity of the fallopian tubes is detrimental to the outcome after salpingostomy 
for distal tubal disease. Most classifications take these two factors into account. 
Mage et al. (1986) classify patients according to peri-adnexal adhesions and 
tubal state. This classification is based on the ovarian surface and type (filmy, 
vascular, dense) of adhesions. Tubal appearance is evaluated on the basis of the 
appearance of mucosal folds at hysterosalpingography, degree of distal tubal 
occlusion and aspect of the salpingeal wall (score I-IV, I being the best). Boer- 
Meisel et al. (1986) classify patients according to mucosal appearance. The 
American Fertility Society classification (1988), on the other hand, is based on 
tubal mucosa, tube walls, size of hydrosalpinx, type of adhesions, and area 
involved. De Bruyne et al. (1989) showed on the basis of a small cohort of 22 
patients with hydrosalpinges the prognostic value of salpingoscopy following 
microsurgical salpingostomy. Intrauterine pregnancy rates in the group with 
and without intratubal adhesions were 0% and 59% respectively. 

Dubuisson et al. (1994) found in a series of 81 patients undergoing la- 
paroscopic salpingostomy a pregnancy rate inversely correlated with tubal 
score. According to Mage et al. (1986), this ranged from 60% in group I to 0% 
in group IV. They observed the same trend in pregnancy rates according to 
mucosal state using the Boer-Meisel criteria (1986). However, they failed to 
demonstrate a correlation between the intrauterine pregnancy rate and the 
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appearance of pelvic adhesions. They recommended performing a sal- 
pingostomy on patients with mild and limited tubal damage, while patients 
with severely involved tubes should be counseled for IVF. Marana et al. (1995) 
come to the same conclusion in a prospective trial on 26 patients undergoing 
laparoscopic salpingoneostomy. They found a significant correlation between 
the salpingoscopic mucosal state (I and II) performed concomitantly to sal- 
pingoneostomy and the succes rate. 

On the other hand, other authors point out that, similarly to ovar- 
iosalpingolysis, both the severity of preexisting tubal pathology and the extent 
of tubal adhesions plays a detrimental role in the succes rate. Strandell et al. 
(1995) state that adhesion formations influence all fertility operations nega- 
tively, although not significantly. They performed a retrospective study on 323 
patients undergoing several fertility operations, of which 109 were micro- 
surgical salpingo(neo)stomies. According to the Mage classification they found 
a delivery rate of 25.4% in groups I and II and one of 5.6% in groups III and IV. 
Dlugi et al. (1994) found in a prospective study of 113 patients a significant 
impact of pelvic and adnexal adhesions on pregnancy rates. They concluded 
also that tubal occlusion resulting from endometriosis is not as detrimental to 
the endosalpinx as an occlusion after an infectious process. Patients with en- 
dometriosis but without other infertility factors came to a crude pregnancy rate 
of 40.9% compared to 5.2% in patients without endometriosis and other in- 
fertility factors after laparoscopic salpingo(neo)stomy. The effect of uni- or 
bilateral occlusion was also examined. The presence of complete bilateral distal 
tubal occlusion has an adverse effect on the outcome. They suggested primary 
surgery in cases of unilateral complete or bilateral partial occlusion. In cases of 
bilateral total occlusion ART should be the treatment of choice. 

The diameter of the hydrosalpinx is another important prognostic factor. 
Singhal (1991) found a significantly lower live-birth rate in patients with a 
hydrosalpinx larger 20 mm in diameter than in those with a diameter smaller 
than 20 mm. Donnez and Casanas-Roux (1986) came to a similar conclusion 
on the basis of a hydrosalpinx diameter of 25 mm. They concluded that this 
negative factor is a direct consequence of a decrease in the number of ciliated 
cells in the distal tubal lumen. 

IVF with embryo transfer (ET) is a widely available alternative to tubal 
reconstructive surgery. The introduction of intracytoplasmic sperm injection 
in assisted reproduction has also certainly opened new fields, especidly for 
couples with extreme male-factor infertility (Palermo 1992; Van Steirteghem 
1994). 

The question remains however, as to which couples should be offered fer- 
tility surgery or ART. 

Pregnancy rates after IVF-ET on a tubal basis vary between 20% and 25% 
per transfer (FIVNAT 1993; Jones 1984). Alsalili et al. (1995) observed a cu- 
mulative pregnancy rate of 55% after six cycles of IVF-ET. Benadiva et al. 
(1995) studied retrospectively the cumulative pregnancy rates in couples with 
tubal-factor infertility. The overall delivery rate per transfer was 30.1% in 491 
patients (673 retrievals) with exclusively tubal factor infertility. They showed 
that a secondary infertility diagnosis (anovulation, endometriosis, male factor. 
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DES, immunological) does not affect the pregnancy rates (26%, 371 retrievals), 
significantly after IVF-ET. The cumulative pregnancy rates after four cycles 
were as high as > 70% in both groups. An ectopic pregnancy rate of 2.4% was 
observed. Special care should be taken in the case of patients with large hy- 
drosalpinges. IVF-ET results are adversely affected by retrograde flow of hy- 
drosalpinx liquid to the uterine cavity. Implantation can be impaired because 
of the toxic effect on the endometrium (Meyer 1995; Strandell 1994; Andersen 

1994) . If tubal reconstructive surgery has a very bad prognosis, salpingectomy 
or salpingeal ligation should be carried out in these patients before starting 
ART. 

When we consider the cumulative pregnancy rates after four cycles of ART 
or ovariosalpingolysis, fimbrioplasty or salpingo(neo)stomy (Fig. 1), then the 
former achieves better results on each front. Nevertheless it would be wrong to 
predict that reconstructive surgery will soon be history. First of all, if surgery is 
successful it offers the possibility of conceiving in multiple cycles and to 
achieve multiple consecutive pregnancies. The risk of multiple gestation is 
lower after surgical treatment. 

Economic factors, on the other hand, can also influence decision-making. 
Lilford and Watson (1990) calculated the costs of ART and surgery in the 
United Kingdom and concluded that IVF-ET is less expensive than surgery 
once the small proportion of women with a good surgical prognosis are ex- 
cluded. Naturally, the dilemma of how to select these patients remains. 

The main goal is to determine the most efficacious technique with the fewest 
complications for each individual couple to achieve a pregnancy in the shortest 
time. Patients’ age and basal level of follicle-stimulating hormone (Benadiva 

1995) undoubtedly also play a crucial role in this decision. 

The above results suggest that younger women with mild or moderate tu- 
boperitoneal disturbance are primary candidates for tubal reconstructive 
surgery, while older patients with severe disease or frozen pelvis should be 
directed immediately to an assisted reproduction program. A comparable 
outcome is achieved with laparoscopic and microsurgical ovariosalpingolysis 
and salpingo(neo)stomy, making the endoscopic approach the most preferable. 
In cases in which fimbrioplasty should be carried out microsurgical lapar- 
otomy must be considered. 

However, all of these conclusions are based on retrospective data. There is a 
great lack of randomized studies on a prospective base, comparing the preg- 
nancy rates after microsurgical and laparoscopic surgery and ART in couples 
with a proven distal tubal obstruction and a normal semen analysis, according 
to WHO parameters (WHO 1992). The prognostic role of tuboscopy and sal- 
pingoscopy must yet be determined. 
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Introduction 

The World Health Organization (WHO) describes “reproductive health” as the 
ability of women and men to realize their reproductive wishes, to have intact 
sexual relations, and to maintain the health of future generations [349]. In- 
fertility is defined as lack of conception after 12 [351] or 24 [75] months of 
unprotected intercourse. The exact prevalence of involuntary infertility is not 
known. It is thought that 10-15 million couples in the United States have 
fertility problems; in Germany the estimated number of infertile couples in 
1989 was 585 000 [47] (in 1996, one million). A male factor is considered to be 
present in 40%-50% of these cases. Therefore, medical evaluation of the male 
partner is a prerequisite in the treatment of couples with involuntary infertility. 
However, new developments such as intracytoplasmic sperm injection (ICSI) 
have not only enlarged the spectrum of indications for assisted reproduction 
techniques (ART) but also questioned the position of andrology in re- 
productive medicine. 

Andrology has been criticized principally for the lack of convincing ther- 
apeutic approaches. Male factors are the indications in 26% of in vitro ferti- 
lization (IVF) cycles, 28% of gamete intrafallopian transfers (GIFT), 40% of 
tubal embryo transfers, and 86% of ICSI (IX Meeting of German- speaking IVF 
groups 1995). The overall effectiveness of ART in the treatment of male in- 
fertility is generally accepted [307]. The position of andrology has recently 
been strengthened again because the latest developments in reproductive 
medicine, such as testicular sperm extraction (TESE) and microsurgical epi- 
didymal sperm aspiration (MESA), require andrological differential diagnosis 
[obstructive/non-obstructive azoospermia, congenital bilateral agenesia of the 
vas deferens (CBAVD)] and at least testicular biopsies. Other pathological 
findings (e.g., varicoceles, testicular tumors) can be dignosed only after phy- 
sical examination of the male partner. 

The medical history is important to identify risk factors (e.g., cryptorchid- 
ism, environmental hazards), which stresses the importance of an andrological 
evaluation. The financial factor is another argument for andrologists to diag- 
nose treatable factors of infertility and to recommend therapeutic procedures 
where these seem more appropriate than ART. In the United States, for ex- 
ample, the costs per successful delivery after IVF are approximately $100000 
[242]. In our experience, especially couples with a short history of infertility 
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want to be assured that ART are only recommended if more “natural” ways of 
conception are not possible. Andrologists are also helpful for avoiding time- 
and money-consuming trials of intrauterine insemination and IVF when sperm 
functions [acrosin activity, acrosome reaction (AR) or zona binding] are im- 
paired and ICSI is preferred. 



Andrological Medical History 

The results of semen analysis without knowledge of the medical history or 
physical examination are not sufficient to recommend ART. Febrile infections 
or medical treatment occurring within 3 months of sperm collection may affect 
semen quality temporarily; in such cases, special andrological therapy is 
usually not required. Drugs that interfere with male fertility include [137]: 

- Direct damage to spermatogenesis 

- Cytotoxic drugs, e.g., mustine, vincristine, 

procarbazine, prednisone regime; doxyrubicin, bleomycin, vinblastine, 
dacarbazine regime): methotrexate 

- Colchicine 

- Sulfasalazine 

- Nitrofurantoin 

- Niridazole 

- Gossypol 

- Toxicity to the epididymis 

- Amiodarone 

- Inhibition of sperm motility 

- Propranolol, lignocaine, procaine 

- Chlorpromazine 

- Quinine 

- Interference with the hypothalamic-pituitary-testicular axis 

- High-dose corticosteroids 

- Androgens 

- Progestagens 

- Estrogens 

- LHRH agonists 

- Ketoconazole 

- Interference with action of androgens at the testicle 

- Spironolactone 

- Cimetidine 

- Antiandrogens (e.g., cyproterone acetate) 

Taking the medical history includes questions about children’s diseases 
(especially epidemic parotitis after puberty), other bacterial and viral infec- 
tions, metabolic diseases (diabetes mellitus), cardiac diseases, hepatopathy, 
neurological disorders, (testicular) neoplasm, genital or pelvic traumata, op- 
erations, and drug intake. The patient should also be asked about specific 
genital infections (orchitis, epididymitis, prostatitis, urethritis, sexually 
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transmitted diseases), unilateral or bilateral undescended testes, testicular 
torsions, genital or pelvic operations of inguinal hernia, varicoceles, hydro- 
celes, bladder neck, orchidopexy, and urogenital malformations (epispadia, 
hypospadia). In addition, information about nicotin and alcohol abuse, stress 
factors, and possible environmental hazards (pesticides, heat) is important. 
Decreased libido or reduced hair growth may be caused by endocrinological 
disorders. Kartagener’s syndrome may be indicated by recurrent respiratory 
infections, and Kallmann’s syndrome by anosmia. 

The medical history should address sexual habits such as frequency of 
sexual intercourse and use of contraceptives and spermatotoxic lubricants. 
Erectile dysfunction or premature ejaculation are estimated to affect 5% of 
infertile men [122]. It is important to ask whether the patient has fathered 
children before. Primary male infertility is diagnosed if the man has never 
impregnated a woman, and secondary male infertility if the man has im- 
pregnated a woman, irrespective of whether she is his present partner and 
irrespective of the outcome of pregnancy [137]. 

Infertile men attending andrological centers are a selective group who have 
already experienced diagnostic and therapeutic procedures; consequently, 
special details such as testicular biopsies or epididymal surgery and results of 
previous lUI, IVF, or ICSI must be considered. IVF cycles without fertilization 
of oocytes may indicate impaired sperm function (AR, acrosin activity, zona 
binding). In addition, it is advisable to re-evaluate thin sections from earlier 
testicular biopsies because single seminiferous tubules with spermatozoa may 
be present despite the reported diagnosis of “Sertoli cell only syndrome.” In 
these cases TESE can be recommended. Pregnancies can be achieved by MESA 
or TESE even with spermatozoa from men with infertility related to genetic 
disorders. It is particularly important to ask about cystic fibrosis or familial 
infertility. 



Physical Examination 

Inspection is the first step in the physical examination of andrological patients. 
Disproportions of the body (e.g., low ratio upper/lower segment height), gy- 
necomastia, reduced body hairs, and lack of androgenetic alopecia may in- 
dicate genetic (Klinefelter’s syndrome) or endocrinological disorders. 
Epispadia, hypospadia, or grade III varicoceles can also be diagnosed by in- 
spection. 

Thereafter, the position and size of the testicles are examined. Usually both 
are palpable in the lower scrotum of a standing man. Their consistency re- 
sembles that of rubber. Soft consistency is often found in combination with 
reduced spermatogenesis. Areas with hard consistency may indicate a testi- 
cular tumor. The volume (normal: >15 ml) is evaluated by Prader or Hynie 
orchidometer, calipers, or hollow forms. Alternatively, ultrasound can be used 
because volumes determined by this method are highly correlated with actual 
testicular volumes and outcome of Prader orchidometer measurements [31, 
109]. The advantage of ultrasound is the testicular evaluation even in cases of 
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large hydroceles or inguinal position. It also allows the diagnosis of testicular 
tumors, hydroceles, epididymal abnormalities, spermatoceles, intratesticular 
cysts, and hyper- or hypoechoic structures, which may not be detected by 
palpation [239]. Behre et al. [32] reported ultrasound abnormalities in 50.4% of 
1048 patients attending an andrological outpatient department. 

Caput and corpus epididymidis are normally palpable as elongated struc- 
tures attached to the upper part of the testis. Palpation of the epididymis 
usually causes no or only little discomfort. Pain or palpation of fibrotic 
structures may indicate inflammation. Solid round nodules are spermatoceles 
or other epididymal cysts and should also be examined by ultrasound (Fig. 1). 
Enlargement of the epididymis in combination with missing vasa deferentia 
may result from dilatation of the epididymal duct system due to obstructive 
processes. 

Both vasa deferentia are felt as lead- or wirelike structures. Especially in 
azoospermic men the absence of the vasa deferentia should be recorded for the 
diagnosis of CBAVD. 

The pampiniform plexus is palpable in patients in standing position. Four 
types of varicoceles are differentiated [137]: grade III varicoceles are visible 
through the scrotal skin; in patients with grade II varicocele the pampiniform 
plexus is palpable without being visible; grade I varicoceles are palpable only 
during Valsalva maneuver. Since subclinical varicoceles can be diagnosed only 
by Doppler ultrasound, this technique or scrotal thermography of the pam- 
piniform plexus is generally recommended on both sides. 

Inspection and palpation of the penis before and after retraction of the 
foreskin reveal urogenital malformations, meatal strictures, phimosis, ulcera- 
tions (e.g., syphilis, genital herpes), condylomas, and plaques caused by 
Peyronie’s disease. 

The physical examination should be concluded by a rectal examination of 
the prostate gland. Since most patients attending andrological outpatient de- 
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partments are young, pathological findings during palpation are not likely. 
Nevertheless, transrectal ultrasound of the prostate gland is recommended in 
cases of severe oligozoospermia, azoospermia, or inflammatory signs. This 
allows detection of prostatic, utricle (Fig. 2), ejaculatory duct cysts, and cal- 
cifications of the prostatic glands. In addition, the seminal vesicles, which are 
not palpable, can be evaluated. 



Semen Analysis, Biochemical Semen Parameters, and Sperm Function Tests 

Semen analysis has been standardized by the WHO [350]. Other laboratory 
manuals are available which describe methods of semen analyses and sperm 
function tests in detail [234, 294]. However, abnormal values do not necessarily 
indicate infertility [270, 308]. Bostofte et al. [43] consider a sperm con- 
centration of 5 X 10^/ml as the clinical borderline of male fertility. Schill and 
Dasilva [281] found that 16% of samples from men who had impregnated their 
wives within 10 weeks before or after semen analysis showed sperm con- 
centrations between 1 and 10 x 10^/ml, and 13% had no progressive sperm 
motility. Rather than single semen parameters, a combination of these (vo- 
lume, sperm count, motility, morphology) has been suggested to be a better 
diagnostic tool to discriminate between fertile and infertile men [28]. The 
limited value of standard semen parameters for fertility prognosis must be 
considered before recommending ART. Duleba et al. [92] have demonstrated 
that independent predictors of pregnancy are the duration of infertility and a 
history of pregnancy in the female partner. Therefore, the andrologist may 
advise ART in cases of long infertility even if semen parameters or functional 
semen tests are not pathological. On the other hand, pathological semen 
parameters do not automatically require ART when patients are young, and the 
duration of infertility is short. 

Fig. 2. Prostate gland with utricu- 
lus cyst {u) 
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Sample Collection 

Semen is collected by masturbation into sterile plastic or glass containers after 
3-5 days of sexual abstinence. Longer periods of abstinence (10 days) after 
depletion of sperm reserves may be advantageous, depending on sperm 
numbers and motility [73]. However, clinical studies evaluating pregnancy 
rates after natural intercourse, lUI, or IVF have not yet been performed. 

The containers should be tested for spermicidal effects (plasticizers) and 
labeled with the patient’s name or identification code. Since psychological 
stress factors at the day of lUI, IVF, or ICSI keep some patients from producing 
ejaculates, special rooms should be available which guarantee a private at- 
mosphere. Compared to the semen quality during pre-IVF work-up, 4%-8% of 
men show a severe deterioration at the day of IVF [138]. If the patient is not 
able to deliver his ejaculate, he may try it at home and transport the semen 
container at body temperature to the hospital within 30-60 min. Cryopre- 
servation of semen samples before IVF or ICSI may be useful [263]. Kentenich 
et al. [173] recommend sample collection in the presence of the patient’s wife 
to reduce stress during the IVF procedure. 

In cases of impaired semen quality (in particular, sperm concentration and 
motility) several modifications of sample collection have been established. One 
method is the separate collection of the first (two contractions) and second 
(remaining contractions) semen fractions (split ejaculate). The first fraction of 
split ejaculate usually contains more spermatozoa with better motility than the 
second fraction [212]. However, pregnancy rates after artificial insemination 
with the first portion of husband’s semen are not consistently better than those 
after use of the whole ejaculate [227]. In the case of male infertility washed 
spermatozoa achieve significantly higher pregnancy rates than split ejaculates 
[119]. This is in agreement with Sokol et al. [313] who found no differences 
between spermatozoa from the first and second portions to penetrate into 
zona-free hamster ova and bovine cervical mucus. 

In contrast to split ejaculates, the total number of motile spermatozoa can be 
increased by pooled sequential ejaculates. Patients are asked to produce two 
ejaculates within a period of 1-4 h. In normozoospermic men the total number 
of motile spermatozoa decreases significantly in the second ejaculate; oligo- 
zoospermic men show similar or even higher sperm counts in the second 
sample [334, 131]. The total number of motile spermatozoa is increased more 
than three times by pooling both ejaculates. Since at least 500 000 progressively 
motile spermatozoa should be available for successful IVF in couples with male 
infertility factors [91], sperm preparation methods are performed in both pool 
samples; thereafter, IVF or GIFT may be possible even in cases of severe 
oligoasthenozoospermia. 

Barash et al. [25] demonstrated improved sperm motility and higher motile 
sperm counts after swim-up preparation of the second pool ejaculate. In ad- 
dition, the fertilization rate after IVF with spermatozoa from the second eja- 
culate was significantly higher than that achieved using sperm cells from the 
first ejaculate (29.6% vs. 18.3%). In patients with oligozoospermia due to 
functional semen transport disturbances [181] the sperm concentration may be 
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increased by intravenous injection of 10-15 mg of the a- sympathomimetic 
midodrin 30 min prior to ejaculation. 



Standard Semen Analysis 

For standardization and better comparison of results obtained in different 
laboratories the standard semen analysis according to WHO [350] is re- 
commended. Standard semen parameters include appearance (homogeneous, 
grey-opalescent), time of liquefaction (< 60 min), volume, consistency, pH, 
presence of agglutinations, sperm concentration, total sperm count, motility, 
sperm viability, and morphology. These standard semen parameters allow the 
differentiation of special andrological disorders. For example, reduced semen 
volume in combination with low pH and fructose levels indicates agenesia of 
the seminal vesicles or obstruction of their ducts. Azoospermia should be 
diagnosed only if no sperm cells can be found after centrifugation of the 
ejaculate. In cases of extreme asthenozoospermia sperm viability must be 
determined by trypan blue, eosin Y, Hoechst 33258, or the hypo-osmotic 
swelling (HOS) test. This is important because viable, but not necessarily 
motile, spermatozoa are required for ICSI. In 1984 Jeyendran et al. [166] in- 
troduced the HOS test to determine the functional integrity of human sperm 
membranes. The WHO recommends it only as an optional, additional vitality 
test. 

Because of the variety of morphological malformations sperm morphology 
is probably the least standardized parameter of semen analysis. The purpose of 
the WHO recommendations is to provide a compromise of classification of 
suitable for clinical practice. However, special morphological abnormalities of 
the flagellum have not been included. Kruger et al. [189] defined the “strict 
criteria” of sperm morphology and demonstrated low fertilization rates in IVF 
with spermatozoa showing normal morphology less than 14%. Other classifi- 
cations consider both the origin and the severity of tail defects [128, 129]. 

The standard semen analysis must be performed in at least two ejaculates 
produced within 6-12 weeks of one another. This allows intraindividual var- 
iations in semen quality to be considered before ART. It may be advisable to 
cryopreserve semen samples as back-ups for following ART. In addition, this 
procedure may help patients to reduce the psychological stress during semen 
donation at the day of ART. 

Biochemical Semen Parameters 

The use of biochemical markers in the diagnostic work-up of male infertility 
provides specific information about anatomical and functional disturbances at 
the level of the accessory sex glands and the epididymis, the occurrence of 
acute and chronic male genital tract inflammation, and the fertilizing capacity 
of human spermatozoa. In contrast to bioassays, marker substances are ad- 
vantageous in that they are objective methods subject to common conditions of 
laboratory methods, including quality control. 
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The following biochemical markers can be used in clinical andrology to 
determine and identifjr (a) sperm fertilizing capability (aniline blue, acrosin, 
reactive oxygen species [ROS]); (b) male genital tract inflammation (elastase, 
C’3 complement component, ceruloplasmin, IgA, IgG); (c) accessory sex gland, 
and epididymal dysfunction and obstruction [fructose, a-glucosidase, acid 
phosphatase, prostatic specific antigen (PSA)]. 



Acrosin Activity 

Acrosin, a serine proteinase, is located within the acrosome. The enzyme is 
released during an exocytotic process (AR). It is considered to be the major 
penetration enzyme required for zona penetration through limited proteolysis 
of zona proteins. Another important function is its ability to bind to the zona 
pellucida. Acrosin is apparently also involved in capacitation and AR. In ad- 
dition, it may act as a sperm-stimulating agent during intrauterine sperm 
migration since it is able to liberate kinins from kininogen. Kinins have been 
demonstrated to enhance sperm metabolism and sperm motility in vitro [289]. 
No acrosin activity or only traces can be measured in men with round-headed 
spermatozoa [167, 279]. The acrosin activity is also reduced in semen samples 
from patients with polyzoospermia and severe teratozoospermia, including the 
syndrome of decapitated spermatozoa [287]. In most other sperm populations 
acrosin activity is normal. However, a wide overlap in the range of acrosin 
levels is seen in most andrological groups [289]. Factors that may affect acrosin 
activity are the duration of sexual abstinence [287] and varicoceles [95]. 

Several methods have been described for assessing acrosin activity in human 
spermatozoa [287]. A simple method is measuring the proteolytic potential of 
spermatozoa on gelatin plates [142]. Acrosin is released by hyperosmolaric 
rupture of the acrosome and leads to halo formation during incubation in a 
humid chamber at 37°C. Halo formation is brought predominantly about by 
living spermatozoa; this method is supported by correlation with the eosin test 
(r = 0.619). The more dead spermatozoa are identified, the lower is the halo 
formation rate. No acrosin is available in the case of globozoospermia. The 
method of gelatinolysis is advantageous in that its equipment is simple, and 
acrosin activity can be determined in individual spermatozoa. Its results show 
good correlation with those of the biochemical assay [280]. 

A more sophisticated method is the spectrophotometric determination of 
acrosin after acid extraction from the sperm acrosome, performed in the 
presence of synthetic acrosin inhibitors to avoid autoactivation from pro- 
acrosin. Proacrosin is the zymogen form predominating in epididymal and 
freshly ejaculated spermatozoa. This method allows the determination of ac- 
tive, non-zymogen acrosin, proacrosin, and total acrosin activity. In most 
sperm populations, acrosin activity shows normal values and a wide overlap in 
the range of acrosin levels. In contrast, significantly lower acrosin activity is 
observed in patients with severe teratozoospermia and polyzoospermia [287]. 
This supports the concept that acrosin may be a useful parameter for pre- 
dicting the fertilizing potential of spermatozoa [289]. 
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Aniline Blue Staining for Determination of Chromatin Condensation, 

Acridine Orange Staining 

During spermiogenesis the sperm chromatin is condensed within the nucleus. 
Chromatin condensation is associated with the replacement of lysine-rich 
histones by protamines. This process is a prerequisite for subsequent decon- 
densation to form a male pronucleus during oocyte fertilization. In cases of 
disturbed chromatin condensation histones persist and can be identified by 
staining with acid aniline blue [325]. Since nuclear proteins play a significant 
role in chromatin condensation, this method attempts to use nuclear maturity 
as a parameter for discriminating between fertile and infertile men. 

The stability of sperm DNA and the degree of chromatin condensation can 
also be determined by acridine orange staining [370]. When acridine orange 
binds to double- stranded DNA, it shows green fluorescence, while red fluor- 
escence indicates single-stranded DNA or RNA. Since ejaculated spermatozoa 
usually do not contain significant amounts of RNA, acridine orange staining 
provides information about the ratio of double- stranded to denaturated single 
stranded DNA. 



Reactive Oxygen Species 

The effect of ROS on human spermatozoa was first reported by McLeod [213]; 
oxidative stress is thought to be associated with male infertility [6, 8]. The two 
major sources of reactive species in ejaculates are leukocytes [11, 174] and 
spermatozoa [6, 164, 371]. Spermatozoa have a much higher content of poly- 
unsaturated fatty acids in their membranes than somatic cells. Therefore, they 
are particularly susceptible to oxidation by ROS, which causes lipid perox- 
idation. In extreme cases this may result in dramatic damage to sperm func- 
tion, for example, markedly reduced motility [233] and penetration in the 
zona-free hamster ovum penetration test [8, 11], reduced inducibility of AR 
[123], and impaired membrane integrity [111]. In addition, oxidative damage 
to spermatozoa is closely correlated with inflammatory processes in the genital 
tract and the occurrence of leukocytes, particularly granulocytes, which gen- 
erate at least 100 times more ROS than spermatozoa themselves [102]. 

Several authors have reported that 30%-40% of ejaculates from infertile men 
generate excessive levels of ROS [5, 164]. Especially oligozoospermic patients 
tend to have high ROS production by spermatozoa [9]. 



Biochemical Markers for Male Genital Tract Inflammation 

From a clinical point of view it is mandatory to differentiate chronic male 
genital tract inflammations and noninflammatory complaints such as vegeta- 
tive urogenital syndrome and anogenital symptom complex. In contrast to 
complaints of the autonomic nervous system, chronic inflammatory processes 
require antibiotic-antiphlogistic therapy. More than 1 x 10^ peroxidase- 
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positive round cells (neutral granulocytes) per milliliter indicate a reproductive 
tract infection. However, the absence of leukocytes does not exclude the pos- 
sibility of an accessory sex gland infection. Therefore, biochemical markers 
have been suggested as sensitive indicators of an inflammatory reaction [353]. 
The determination of elastase in seminal plasma as a specific inflammatory 
parameter of polymorphonuclear granulocytes (PMN) enables the diagnosis of 
silent male genital tract inflammations [168]. In addition, sequential de- 
terminations allow the course of the disease to be followed during and after 
therapy. Granulocyte elastase is determined in cell-free seminal plasma by the 
method of Neumann and Jochum [243]. PMN elastase levels above 1000 ng/ml 
are diagnostic of leukocytospermia [353]. Clinically silent inflammations can 
be measured by PMN elastase in semen [354]. Recent investigations with an 
exact quantification of granulocyte elastase in 305 andrological patients have 
confirmed its high specificity and sensitivity in distinguishing inflammatory 
from noninflammatory male adnexal affections [271]. 

Apart from elastase measurements, a permeable blood-seminal plasma 
barrier indicates adnexal disturbance and provides information about acces- 
sory sex gland infections. Particularly helpful is the quantitative determination 
of complement component C'3 and ceruloplasmin. Normally C'3 complement 
component is detectable only in traces, or not at all, in seminal plasma. During 
inflammatory reactions transudation from the blood is increased, and levels of 
both C'3 complement component and ceruloplasmin are significantly elevated 
in semen samples. 



Determination of Accessory Sex Gland Secretory Function 

The secretory capacity of seminal vesicles, prostate, and epididymis can be 
determined by means of various biochemical markers, for example, fructose, 
PSA, and neutral a-glucosidase [350]. Low or missing secretory function due to 
an occlusion is reflected in a low total output of the specific markers; therefore, 
they may be used to assess both accessory sex gland secretory function and the 
location of an obstruction. 

Fructose in semen is determined, according to the WHO laboratory manual, 
by means of a colometric reaction with indol [350]. In cases of azoospermia 
caused by CBAVD low fructose levels indicate associated dysgenesis of the 
seminal vesicles. Fructose levels are also low in postinflammatory atrophy of 
the seminal vesicle epithelium or relative androgen deficiency. 

Assessment of neutral a-glucosidase, which originates from the corpus and 
cauda epididymidis, has been found to provide more reliable and reproducible 
results than determination of L-carnitin. Since a-glucosidase is significantly 
decreased in seminal plasma from patients with distal ductal obstruction [126], 
it should be determined prior to invasive diagnostic procedures; in case of 
azoospermia in combination with low a-glucosidase values, reconstructive 
surgery or MESA/TESE may be suitable. Measurement of a-glucosidase also 
provides information about epididymal functions [127]. The activity of this 
enzyme is significantly reduced in ejaculates from men with epididymitis [72]. 
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According to WHO [350], values of 20 mU a-glucosidase or more per ejaculate 
are normal. Other authors suggest discriminatory levels of 10 mU/ml [188]. 

Marker substances for prostatic gland secretion include zinc, citric acid, and 
prostatic acid phosphatase [350]. Assessment of the specific prostatic marker 
PSA, a kallikrein-like protease, may give information about inflammatory re- 
actions and tumor cells in the prostate [177, 197]. PSA determination is used as 
a screening test to exclude prostatic cancer or chronic inflammatory processes 
within the prostatic tissue. 



Nonbiochemical Sperm Function Tests 

Sperm function tests include biochemical markers such as acrosin activity and 
staining of histones by aniline blue and the detection of ROS (see above). In 
addition, special functions of the plasma membrane and the acrosomal cap can 
be assessed. Bioassays (hamster ovum penetration test, hemizona assay) are 
useful in the evaluation of sperm/egg interactions [10, 206, 290, 370]. Two 
aspects demonstrate the diagnostic and clinical benefit of sperm funtion tests: 
(a) Since their results are correlated with those of IVF, they should be per- 
formed prior to ART. In cases of reduced AR, acrosin activity, or disturbed 
sperm/egg interaction, ICSI should be preferred. IVF could be performed only 
for diagnostic purposes; the chance of achieving a pregnancy would be sig- 
nificantly lower, (b) Therapeutic approaches to pathological sperm functions 
are not available in most cases; therefore, ART should be planned early without 
preceding useless treatment. 



Acrosome Reaction 

The AR is an exocytotic process including dispersal of the acrosomal content 
(see above) after fusion and fenestration of the plasma and outer acrosomal 
membrane [369]. After complete AR the inner acrosomal membrane is ex- 
posed, and spermatozoa are able to penetrate the oocyte. Various second 
messenger systems are involved in regulating the AR [83, 84]. AR assays detect 
the ability of spermatozoa to undergo AR in response to a stimulus. 

A variety of methods have been introduced to measure the AR. These use 
triple or double staining [82, 322], fluorescein isothiocyanate (FITC) labeled 
Pisum sativum agglutinin [76], FITC-labeled concanavalin A [155], Arachis 
hypogaea agglutinin [232], chlortetracycline [277], paramagnetic beads [249, 
250, 252] and monoclonal antibodies [12, 100, 170, 230, 352]. Triple staining 
and assays based on fluorescent lectins are probably the most common tech- 
niques (Fig. 3). To differentiate between live and dead acrosome reacted 
spermatozoa the majority of methods are used in combination with live/dead 
stainings. 
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Hemizona Assay 

Prior to fusion with the oocyte, spermatozoa must bind to the zona pellucida. 
This first step of fertilization is evaluated by the hemizona assay [49]. The zona 
pellucida is used as a functional surface to measure the ability of spermatozoa 
to bind to the glycoprotein coat of the oocyte (Fig. 4). After dissecting the zona 
pellucida into equal halves, one hemizona is incubated with the patient’s 
spermatozoa and the other with spermatozoa from a fertile donor (control). 
The numbers of spermatozoa bound to the outer surface of each hemizona are 




Fig. 3. A Human spermatozoa after staining with rose Bengal and Bismarck brown. 
B Human spermatozoa after staining with FITC-labeled pisum sativum agglutinin. 
ARy Acrosome-reacted spermatozoon 
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determined and compared by calculating the hemizona assay index (number of 
patient’s spermatozoa bound to the outer surface of each hemizona, divided by 
the number of donor’s spermatozoa bound per hemizona, multiplied by 100). 
The hemizona assay index is correlated with IVF outcome [106]. Binding of 
human spermatozoa to the zona pellucida is also related to the im- 
munohistochemical presence of proacrosin and acrosin in sperm cells [105]. 
Therefore, an important indication for this bioassay is failed fertilization in 
preceding IVF programs. In cases of disturbed zona binding ICSI should be 
recommended rather than further IVF trials. 



Heterologous (Hamster) Ovum Penetration Test 

The HOP test [synonyms: zona-free hamster egg penetration test, sperm pe- 
netration assay (SPA)] gives information about the ability of human sperma- 
tozoa to fuse with oocytes [362]. Since the zona pellucida prevents cross- 
species fusion of gametes, it must be removed from the hamster oocyte. After 
capacitation and induction of AR in human spermatozoa [350], fusion with the 
oolemma is achieved in more than 10% of cases under normal conditions. The 
HOP test provides information about capacitation, AR, fusion with the oo- 
lemma, and decondensation in the ooplasm [121]. However, the interpretation 
of this assay is difficult because of biological and methodological variations 
and remains a subject of debate in the investigation of male subfertility. 




Fig. 4. Scanning electron microscopy of spermatozoa bound to the zona pellucida 
(Photograph kindly provided by Dr. E. Hinsch, Giessen) 
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Semen Analyses and their Diagnostic Value for ART 

Diagnostic criteria with predictive value must be developed in order to decide 
which form of ART should be recommended. The standard semen parameters 
and functional sperm tests have been studied most extensively. In addition, 
new assays and biochemical markers have been suggested, such as mannose 
receptor expression on sperm heads [37], sperm creatine phosphokinase M- 
isoform ratios [162], and hyaluronidase activity in human semen [2]. 



Standard Semen Analysis 
Intrauterine Insemination 

Several studies of lUI in couples with male infertility and after ovarian stimu- 
lation have reported pregnancy rates between 3.16% and 14.3% per cycle [18, 58, 
112, 150, 323]. Comhaire et al. [70] evaluated cumulative pregnancy rates in 
differently treated infertile men and demonstrated the favorable effect of lUI 
(average monthly pregnancy rate: 3.9%) compared to a control (average 
monthly pregnancy rate: 1.1%). For successful lUI the minimal cutoff values 
were 15 x lOvml for sperm concentration, 9% for WHO (a) + (b) motility, and 
8% for normal morphology. Other authors have reported significantly lower 
pregnancy rates after use of ejaculates with sperm concentrations less than 
5 X 10^/ml [18]. Since lUI is usually performed with prepared semen samples 
(swim-up, glass wool filtration, Percoll), the total number of motile spermatozoa 
is an important discriminating factor. It is generally accepted that more than 
1x10^ motile spermatozoa per milliliter should be available for successful lUI 
[19,157]. The chance for conception is higher with increasing total motile sperm 
count [46] or more than 70% motile spermatozoa after swim-up [19, 220]. 

Reports about the predictive value of sperm morphology for the outcome of 
lUI are contradictory. Toner et al. [327] claimed that normal morphology as 
detected by strict criteria is the most significant predictor of pregnancy: when 
it was 14% or higher, the pregnancy rate was 15% per cycle, compared to 7% 
per cycle in the case of normal morphology of less than 14%. However, a cutoff 
value of 4% (strict criteria) does not discriminate between ejaculates that 
achieve pregnancies after lUI and those which do not [219]. Using WHO 
criteria to evaluate sperm morphology, Francavilla et al. [103] demonstrated 
that teratozoospermia (<50% normal morphology) is correlated with lower 
pregnancy rates after lUI. 

In conclusion, lUI achieves better results in men with reduced fertility if 
certain criteria of semen quality are considered (sperm concentration in the 
native ejaculate > 5 x 10^/ml, > 1 x 10^ motile spermatozoa/ml after sperm 
preparation). In patients with extreme variations of semen quality occasionally 
improved semen samples can be cryopreserved and later pooled with fresh 
samples for lUI [3]. lUI may also be successful in male immunological in- 
fertility [194], provided that not all spermatozoa are coated with antibodies 
[104]. 
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In Vitro Fertilization, Gamete Intrafallopian Transfer 

A variety of studies have examined the predictive value of standard semen 
parameters with regard to IVF outcome. Biljan et al. [39] found a slight cor- 
relation between sperm concentrations in native ejaculates and fertilization 
rates (r = 0.28). Similar results have been reported by Duncan et al. [93] and 
Barlow et al. [26]. Significantly higher sperm concentrations have been de- 
monstrated in patient groups achieving pregnancies after IVF [14]. Cutoff 
levels of 15-20 x 10^ spermatozoa/ml in the native sample have been suggested 
for successful IVF [70, 97]. However, the total motile sperm count after sperm 
preparation has a higher predictive value. Acceptance of male partners in IVF 
programs requires at least 0.4-3.0 x 10^ progressively motile spermatozoa/ml 
[60, 91, 97, 101, 147]. Fertilization rates after IVF are directly correlated with 
the total sperm number. After use of ejaculates with 0.5 x 10^ motile sper- 
matozoa or fewer, the pregnancy rates after IVF were still 7.8% per retrieval 
[36]. Significant correlations between clinical pregnancy rates and sperm 
count, total sperm count, motile sperm count, and total motile sperm count 
were found in GIFT programs [274]. In contrast to Rodriguez-Rigau et al. 
[274], Nelson et al. [241] suggested the percentage of motile spermatozoa to be 
of predictive value for GIFT. GIFT is useful in cases of sperm concentrations 
higher than 20 x 10^/ml [147]. Therefore, diagnostic semen preparation should 
always be performed prior to ART. This procedure is helpful in deciding 
whether a patient’s ejaculate is suitable for lUI, IVF, GIFT, or ICSI. 

The native sperm motility parameters according to WHO are correlated with 
fertilization rates after IVF [26, 41]. Fertilization is significantly reduced after 
use of ejaculates with fewer than 30% motile spermatozoa [125]. This is in 
aggreement with Enginsu et al. [97] who studied 200 consecutive couples in an 
IVF program and defined 30% as cutoff for progressive motility. In contrast, 
Biljan et al. [39] did not find significant correlations between motility and 
fertilization rates. 

Data on the predictive value of motility parameters achieved by computer- 
aided sperm analysis (CASA) are contradictory. Maximum fertilization rates 
were achieved with sperm velocity greater than 50 pm/s (CellSoft) and mean 
lateral head displacement (ALH) greater than 2.89 pm [41]. Grunert et al. [125] 
also reported lower fertilization rates after IVF with spermatozoa showing 
average velocities (CellSoft) lower than 50 pm/s. However, they considered 
conventional semen parameters such as sperm motility or morphology to be 
more predictive than values obtained by CASA. Since no differences in motility 
parameters were detectable in semen samples from patients achieving preg- 
nancies after IVF and those who did not, CASA was not suggested to be helpful 
as a diagnostic tool before IVF [145]. Another problem of CASA is the limited 
availability of motile spermatozoa before IVF [26]. Hyperactivation after 3 or 
6 h of capacitation has been shown to be correlated with fertilization rates 
[319, 343]. 

One of the best discriminators for the fertilization potential of human 
spermatozoa is sperm morphology. However, results and cutoff levels depend 
on the criteria for normal morphology. A variety of studies have used the WHO 
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criteria to predict IVF outcome [26, 93, 125], whereas other authors could not 
confirm these results [39]. The clinical value of WHO sperm morphology for in 
vivo fertility has been criticized [27]. 

The percentage of morphologically normal spermatozoa (according to WHO 
criteria) is significantly lower in semen samples achieving less than 50% fer- 
tilization rates in IVF programs [318]. Ejaculates with normal morphology 
(WHO) are associated with higher numbers of fertilized oocytes per couple 
[231]. However, the cutoff value for normal sperm morphology as re- 
commended by WHO was found to be too high. Hinting et al. [148] suggested a 
threshold value of 16% normal sperm morphology as a predictor for successful 
IVF. Spermatozoa showing normal morphology of less than 5% should not be 
used for IVF. 

In 1986 Kruger et al. [189] introduced new criteria for normal sperm 
morphology and found high fertilization and pregnancy rates after IVF in 
patients with more than 14% normal spermatozoa. Later they reported a very 
low fertilization rate of 7.6% with fewer than 4% normal spermatozoa, whereas 
higher (63.9%) and even normal fertilization rates were achieved with samples 
containing 4%-14% and more than 14% normal spermatozoa, respectively 
[190]. The value of strict criteria for predicting IVF outcome was still obvious 
when slightly different cutoff levels were used: fertilization and pregnancy rates 
were significantly lower with semen samples showing less than 9% normal 
forms; no pregnancy was observed when normal sperm morphology was less 
than 5% [253, 254]. Clinically reliable cutoff limits for normal sperm mor- 
phology according to strict criteria were suggested to be 8% in post-swim-up 
spermatozoa [98]. The majority of studies have confirmed the predictive value 
of strict criteria [124, 179, 254, 364, 368], whereas Matorras et al. [219] did not 
find a correlation with pregnancy rates after lUI. However, severe sperm head 
abnormalities affect pregnancy rates more than fertilization after IVF [245]. 
Therefore, additional parameters such as normal acrosomal morphology are 
useful in the prediction of IVF outcome [218, 221]. 

The percentages of normal morphology according to other morphological 
classifications (Diisseldorf classification) are also correlated with fertilization 
and pregnancy rates after IVF [154]. 



Intracytoplasmic Sperm Injection 

Since the first report about pregnancies after ICSI [255], severe male infertility 
has today become the major indication for ICSI. The outcome of ICSI is not 
correlated with any of the standard semen parameters [196], although fertili- 
zation rates are affected by the concentration of motile spermatozoa in the 
ejaculate and the origin of samples (e.g., epididymis, ejaculate) [256]. Nagy et 
al. [237] demonstrated significantly lower fertilization rates when no sperma- 
tozoa had been found in the initial semen samples after checking the area of 
grids of the Makler or Neubauer counting chamber. However, the pregnancy 
rates did not differ significantly. In addition, the fertilization rate (two pro- 
nuclear; percentage of intact oocytes) was significantly lower (10.9%±12.1%) 
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after ICSI with semen samples containing no motile spermatozoa. Morphology 
did not affect the outcome of microinjection at all [215, 248, 262]. Fertilization 
rates after the use of spermatozoa from patients with male genital tract ob- 
struction are better than those in cases of severe oligozoospermia, oli- 
goasthenoteratozoospermia, or asthenoteratozoospermia [135]. 

Failure of previous IVF has no negative effect on the outcome of ICSI. 
Apparently more important for pregnancy rates are the egg number and the 
age of the female partner (<34 years: 48.9%; 35-39 years: 22.9%; >40 years: 
5.9% clinical pregnancy per transfer) [248, 304]. 

Since only one living spermatozoon is required for microinjection, ICSI has 
also been performed in cases of extreme male infertility. Harari et al. [134] 
reported fertilization of four oocytes with spermatozoa from a patient with 
mosaic Klinefelter’s syndrome; sperm concentration was less than 1000/ml. 
The authors suggest that in these cases spermatozoa may be used for ICSI 
without genetic risk. 

Fertilization and pregnancy with acrosomeless (“round-headed”) sperma- 
tozoa or immotile spermatozoa presenting a “tail stump syndrome” are ex- 
amples of the clinical benefit of ICSI in severe morphological disorders [211, 
315]. 

Since sperm quality is not correlated with the outcome of ICSI, and even 
men with severe andrological disorders may have children, the genetic risk of 
this technique is a major concern. 

Bonduelle et al. [40] found no follow-up differences between 130 ICSI 
children and 130 children born after conventional IVF. During prenatal kar- 
yotyping the frequency of chromosomal aberrations was not increased in the 
ICSI group. However, it has to be considered that this group was small, and 
that pregnancy interruptions because of karyotype anomalies were not in- 
cluded. The present data do not suggest a significantly increased incidence of 
genetically based diseases or male infertility [96]. This may also be due to the 
fact that selection mechanisms against genetically based defects occur after 
fertilization of the oocyte. According to Engel and Schmid [96], inherited male 
infertility may be a problem of ICSI if mutations of X chromosomal or 

Y chromosomal genes play a major role in fertility disorders. Azoospermia is 
known to be associated with an “azoospermia factor” (AZF) present on the 

Y chromosome [52, 341]. 

It is generally recommended that patients and their children born after ICSI 
must undergo careful follow-up to clarify possible genetic risks of micro- 
manipulation techniques [224, 261]. 



Acrosin Activity 

The predictive value of sperm acrosin activity has been examined in a variety 
of studies. Figure 5 compares fertilization rates and acrosin activity calculated 
from halo diameter and halo formation rate in an IVF program (110 patients) 
[142]. Normal acrosin activity indices were observed in men with high ferti- 
lization rates, while the halo diameters and halo formation rates were smaller 
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Fig. 5. Correlation between fertilization rates after IVF and halo diameter (a) and halo 
formation rate (b) detected by gelatinolysis. (From Henkel et al. [142]) 



in most cases of poor fertilization (< 50%). Patients showing normal acrosin 
activity index but low fertilization probably had defects other than impaired 
acrosin activity (e.g., impaired AR, impaired sperm-oolemma interaction, or 
disturbance of chromatin decondensation). This is also a reason why statistical 
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calculations show a low sensitivity (26%) while high specificity (98%) and high 
predictive value (positive predictive value 90%, negative predictive value 74%) 
are observed for human IVF outcome [142]. These data confirm results re- 
ported by other groups [29, 85, 303] who have also found correlations between 
acrosin activity and fertilization rates in IVF programs. Acrosin activity is 
correlated with the proportion of mature oocytes that are transferred as 
cleaving embryos [332]. In contrast, Menkveld et al. [221] demonstrated only a 
low correlation between fertilization rates and acrosin activity. After the use of 
a polyclonal antibody against acrosin, spermatozoa from a patient group with 
no fertilization in IVF showed significantly less normal staining of the anterior 
head membranes than spermatozoa from a group in which fertilization was 
achieved [300]. 

Other studies have reported no significant differences in sperm acrosin 
activity between groups showing good or poor fertilization rates after IVF [191, 
205, 363]. 

Only little information is available about the effect of acrosin on the out- 
come of other forms of ART. Total acrosin activity is correlated with the 
pregnancy rate after partial zona dissection [333]. 



Acrosome Reaction 

A variety of artificial and physiological stimuli have been reported to induce 
the human sperm AR in vitro [369]. The percentage of spermatozoa under- 
going spontaneous AR during 9 h of incubation was found to be negatively 
correlated with the outcome of lUI [217]. While the spontaneous AR is not 
correlated with fertilization rates in IVF programs [264], the following are of 
prognostic value for sperm fertilization capacity: inducibility of AR (i.e., dif- 
ference between induced and spontaneous AR) by calcium ionophore A 23187 
[7, 78, 100, 257, 318, 367], human follicular fluid [50, 51], progesterone [187], 
phorbol 12-myristate 13-acetate 4-0-methyl ether [258], zona pellucida [208], 
pentoxifylline [324], JV-acetylglucosamine-neoglycoprotein [45], and low-tem- 
perature [140] or incubation in capacitation medium [321, 343]. 

Henkel et al. [140] demonstrated that patients with less than 13% AR 
spermatozoa and less than 7.5% inducible AR have significantly lower fertili- 
zation rates in IVF programs (Fig. 6). In cases with less than 30% normal 
sperm morphology (WHO criteria) the proportion of spermatozoa with normal 
intact acrosomes in the insemination medium (as detected by FITC-labeled 
Pisum sativum agglutinin) is related to fertilization after IVF [202]. All studies 
on the inducibility of AR should consider the high degree of inter- and in- 
trasubject variability of AR in both patients and fertile donors; the duration of 
sexual abstinence does not seem to have a significant effect [330]. 

As noted above, human sperm AR may be affected in spermatozoa with head 
malformations. Acrosome reaction and acrosin activity seem also to be im- 
paired in polyzoospermic patients [328]. In addition, other factors such as 
smoking or environmental toxins may alter the AR [95, 182]. Hershlag et al. 
[144] described a case of male infertility in a patient treated with a calcium ion 
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Fig. 6. Correlation between fertilization rates after IVF and the percentage of acrosome 
reacted spermatozoa and AR inducibility after cold induction. (From Henkel et al. [140]) 



channel blocker. After discontinuation of this therapy the expression of 
mannose-specific lectin and AR normalized, and a pregnancy was achieved 
after lUI. 

Fertilization after subzonal insemination has also been found to be related to 
the AR. However, the AR is not required for ICSI. Liu et al. [209] demonstrated 
that spermatozoa with impaired zona pellucida induced AR achieve 50% or 
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more normal fertilization and embryo development. Therefore, AR assays are 
useful for pre-lVF diagnostics. Insufficient AR may be improved by in vitro 
sperm treatment, for example, with pentoxifylline [326]. Otherwise, micro- 
injection should be recommended for andrological reasons. Successful fertili- 
zations with this method have been described even in severe cases of acrosomal 
dysfunction such as globozoospermia [210]. 



Hemizona Assay 

Since normal sperm-egg interaction is required for all ART not based on 
microinjection, the hemizona assay has been developed as a biological test 
system with predictive value especially for IVF [49]. The positive predictive 
value for fertilization after IVF was initially reported to be 83%, with 83% 
sensitivity and 95% specificity [246]. The positive predictive value was con- 
firmed in later studies with higher numbers of IVF trials [63, 107, 108, 110]. 
Therefore, the hemizona assay should be performed with spermatozoa from 
patients who fail to achieve fertilization in IVF programs or are suspected of 
having fertilization disorders [247]. Liu et al. [203] demonstrated a significant 
correlation between sperm-zona pellucida binding and fertilization during IVF 
programs in patients with less than 30% normal sperm morphology. They 
recommended hemizona assay as a useful tool before IVF, especially in cases of 
poor sperm morphology. Low sperm binding to the zona pellucida is asso- 
ciated with sperm defects rather than oocyte defects [204]. 



Sperm Penetration Test (Heterologous Ovum Penetration Test) 

Data of studies about the predictive value of SPA are contradictory. This may 
be due to technical problems which make it difficult to repeat the assay [370]. 
The results of SPA are not related to the outcome of lUI [195, 217]. 

Belkien et al. [35] reported a 95% positive predictive value of SPA for IVF in 
normozoospermic patients, compared to 0% in men with reduced semen 
quality. These results have been confirmed by other groups who demonstrated 
the high specificity and sensitivity of SPA in couples undergoing IVF because 
of tubal or unexplained infertility. Therefore, SPA is of limited value in cases of 
male subfertility [163, 216, 338]. In addition, a negative SPA (< 10% fusions) is 
associated with a high rate (65%) of false-negative results in IVF [64]. The 
results of SPA are also not correlated with the outcome of GIFT cycles [274]. 
However, Softer et al. [312] found correlations between SPA and fertilization 
(IVF) after preincubation of spermatozoa with TEST yolk buffer. 

In conclusion, the sperm penetration assay must be evaluated in combi- 
nation with other semen or sperm function parameters (e.g., AR). It is of only 
limited use in cases of male infertility. 



422 



F.-M. Kohn and W.-B. Schill 



Hypoosmotic Swelling Test 

Despite the fact that the HOS test is correlated with fertility in vivo [53, 54], 
many studies have failed to demonstrate significant correlations between hypo- 
osmotic sperm swelling and IVF outcome [21, 39, 65]. WHO therefore re- 
commended the HOS test as a marker of cell viability rather than fertilizing 
capacity. However, the percentage of sperm swelling has been shown to be 
higher in semen samples successfully used for lUI [226, 335]. 



Aniline Blue Staining, Acridine Orange Staining 

As noted above, nuclear proteins play a significant role in chromatin con- 
densation, using nuclear maturity as a parameter to discriminate between 
fertile and infertile men [20, 153]. Disturbed chromatin condensation is often 
observed in combination with an increased number of acrosomal defects [152]. 
A protamine gene defect is thought to be involved in cases of more than 50% 
aniline blue positive spermatozoa. Results in 33 men showed a close correla- 
tion (r = 0.825) between normal chromatin condensation and fertilization rate 
after IVF [132]. Liu and Baker [207] reported similar findings with aniline blue 
staining of spermatozoa from 91 men in an IVF program. Nucleus maturity 
was significantly correlated with fertilization rates when normal sperm mor- 
phology was 15% or more. Higher percentages of chromatin decondensation in 
spermatozoa that failed to fertilize human oocytes in vitro have also been 
observed by electron microscopy [57]. This indicates that normal chromatin 
condensation is mandatory for induction of fertilization. Thus, aniline blue 
staining is highly predictive and may be used as an additional function test 
prior to ART. However, its value is apparently restricted to conventional IVF 
procedures because in spermatozoa used for ICSI chromatin condensation has 
not proven to be a predictive factor for fertilization [337]. In this context it 
should be mentioned that glass wool filtration shows a selective capacity to 
enrich the number of normal chromatin-condensed spermatozoa [141]. 

Fertilization rates after IVF are correlated not only with sperm nucleus 
maturity but also with intact DNA, as detected with acridine orange staining 
[207, 318]. Claassens et al. [61] demonstrated a high positive predictive value of 
the acridine orange test, while the negative predictive value was low. 



Reactive Oxygen Species 

Especially oligozoospermic patients tend to have high ROS production by 
spermatozoa [9]. From a clinical view it is important to determine semen 
samples producing excessive amounts of ROS and to separate leukocytes and 
damaged spermatozoa from sperm cells that do not show signs of lipid per- 
oxidation. Because spermatozoa are sensitive to oxidative damage, sperm se- 
paration should be performed very carefully, preferably by means of density 
gradient centrifugation with Percoll or glass wool filtration. Both methods 
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maintain normal sperm function with regard to motility and penetration into 
zona-free hamster oocytes [8, 233, 268]. 

Compared to fertile controls, more ROS are produced by spermatozoa from 
patients who do not achieve pregnancies after lUI [79]. 

Krausz et al. [186] investigated ROS levels in semen samples that were used 
for IVF. Formylleucylphenylalanine and a phorbol ester induced the generation 
of ROS from spermatozoa and leukocytes, respectively. ROS production was 
associated with reduced sperm motility. However, the fertilization rates were 
correlated only with the ROS generation from leukocytes. This is in agreement 
with Sukcharoen et al. [318] who also found formylleucylphenylalanine- 
induced chemiluminescence to be one of the most informative predictive 
factors for fertilization after IVF. Measuring the antioxidant capacity of 
seminal plasma, Lewis et al. [201] observed higher levels in men whose part- 
ners had ongoing pregnancies after IVF than in infertile patients attending a 
subfertility clinic. 



Male Urogenital Infection and ART 

Acute inflammatory urogenital processes (e.g., epididymitis) are known to 
affect semen quality. Therefore, acute infections must be cured before methods 
of assisted reproduction are indicated. In contrast, temporary inflammatory 
episodes do not have a significant effect on sperm quality [267]. However, 
Eliasson [94] reported that inflammation of the male accessory sex glands is 
often found in infertile men and recommended the routine examination of 
prostatic fluid. Comhaire et al. [68] defined the following indicators of male 
genital tract infections: growth of more than 1000 pathogenic bacteria/ml; 
growth of more than 10 000 nonpathogenic bacteria in seminal plasma after 1:2 
dilution; more than 1 x 10^ leukocytes/ml ejaculate; pathological secretory 
function of the accessory sex glands. The possible effect of chronic in- 
flammation on fertility is still a matter of discussion. Chronic prostatitis may 
decrease sperm concentration and sperm motility. These parameters are im- 
proved after antibiotic treatment [114]. Leib et al. [198] confirmed that patients 
with chronic nonbacterial prostatitis have lower sperm quality than fertile men. 
Other groups have not found different sperm concentrations, motility, or 
morphology in control groups and patients with chronic bacterial prostatitis, 
nonbacterial prostatitis, or prostatodynia [345]. Although high numbers of 
bacteria do not necessarily affect semen quality [59, 87, 136, 344], some studies 
demonstrate that motility and viability are reduced in bacteriospermic men 
[223]. However, antibiotic treatment did not improve semen quality in com- 
parison to a control group treated with placebo [222]. Thus the clinical sig- 
nificance of asymptomatic bacteriospermia for male fertility remains to be 
clarified. 

When semen samples are used for ART, microbiological or serological ex- 
aminations are recommended because microorganisms may be transferred [38, 
229]. In four of five women with positive peritoneal cultures Stone et al. [317] 
found the same organisms that had also been cultured in semen samples. In 
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cases of significant bacteriospermia (> 10^ bacteria/ml) antibiotic therapy 
should be performed. Sperm preparation techniques may also reduce the 
number of microorganisms [356]. Nevertheless, the transfer of bacteria after 
preparation techniques can never be excluded because some microorganisms 
are able to penetrate spermatozoa and may be carried into the female genital 
tract during ART. Positive bacteriological results have been reported in 50%- 
72% of semen samples used for IVF [273]. Aerobic or anaerobic bacteria were 
found in 44%-88% of these ejaculates, and Mycoplasma was present in 6%- 
33%. Concerning Ureaplasma urealyticum similar percentages were reported 
by Montagut et al. [228] who demonstrated significantly reduced pregnancy 
rates after embryo transfer in these cases. In contrast, Riedel et al. [272] did not 
find correlations between bacteriospermia and fertilization rates. 

Chlamydia trachomatis were detected in 14% of semen samples from men 
participating in an IVF program, but semen quality did not differ from that of 
the noninfected group [235]. Data on the association of chlamydial antibodies 
in serum and fertilization in IVF programs are contradictory. According to 
Torode et al. [329], these antibodies are not related to impaired semen quality 
or reduced fertilization rates after IVF. 

In conclusion, bacteriospermia requires antibiotic therapy because negative 
effects on implantation or embryonic development cannot be excluded. 

Leukocytes as generators of ROS are associated with impaired sperm 
functions. White blood cells originate from the epididymis and the prostate 
gland [355]. They may interfere with fertilization in IVF programs [13, 66, 336]. 
Therefore, leukocytes or other markers of inflammation should be determined 
in seminal plasma prior to IVF. 



Ejaculatory Disorders and ART 

Male infertility is only rarely caused by ejaculatory disorders, which include 
reduced volume of ejaculate, painful ejaculation, premature or delayed ejacu- 
lation, retrograde ejaculation, anejaculation, and anorgasmia [266]. With re- 
gard to ART, clinically important disturbances are retrograde ejaculation and 
anejaculation. Ejaculation and emission processes may be affected by trau- 
matic or surgical injury (prostatectomy, bilateral radical lymph node dissec- 
tion, spinal cord injury), diabetic neuropathy, drugs, and congenital factors. 
Retrograde ejaculation can be diagnosed in 0.3%-2.0% of infertile patients. 
However, the incidence is higher (18%) in azoospermic men [365]. Therefore, 
the postejaculatory urine sediment should always be examined in cases of 
azoospermia. Therapeutic approaches include conversion into antegrade eja- 
culation and collection of spermatozoa directly from the bladder for ART. 
Medical treatment of retrograde ejaculation includes a-adrenergic agents 
(phenylpropanalamine hydrochloride, synephrine, oxedrin, midodrin), anti- 
cholinergics (brompheniramine maleate), and imipramine [143, 365]. Mid- 
odrin (15 mg) can be injected i.v. 30 min prior to ejaculation and may result in 
antegrade ejaculation [181]. 
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Since urine has a deleterious effect on sperm quality, recovery of sperma- 
tozoa from the urine is successful only after adjustment of pH (7.4) and os- 
molarity (320 mOsm/kg) by oral intake of sodium bicarbonate and water [55]. 
Alternatively, medium can be injected into the bladder before ejaculation; 
nevertheless, urine may interfere with sperm functions [56]. Following these 
procedures, pregnancies have been reported after sexual intercourse [288], lUI 
[269, 301, 320], direct intraperitoneal insemination [342], IVF [42], GIFT [340], 
pronuclear stage tubal transfer (FROST) [160], and ICSI [113]. Pregnancies 
have also been reported after lUI or IVF with spermatozoa obtained from the 
vas deferens by microsurgical aspiration [34, 80, 158]. 

In cases of anejaculation and intact sacral reflexes, penile vibratory stimu- 
lation to the frenulum may be useful [30, 348]. Penile vibratory stimulation 
(PVS) is not indicated for anejaculation due to lesions of the peripheral nerve 
fibers. Dahlberg et al. [80] reported 17 pregnancies following vibrator use and 
“home insemination,” lUI or IVF. 

Rectal probe electroejaculation can be used to treat anemission irresponsive 
to conservative therapy or after unsuccessful vibratory stimulation. Electro- 
ejaculation has also been used in men with spinal cord injury. Since semen 
quality after electroejaculation is usually poor, better results are obtained with 
ART [58]. Pregnancies have been reported after lUI, IVF, and ICSI [58, 80, 133, 
251]. Hulting et al. [161] achieved five IVF pregnancies and a fertilization rate 
of 54% in six couples with anejaculatory infertility after testicular cancer. 
Spermatozoa had been obtained after electroejaculation. 

If conservative treatment, vibratory stimulation, and electroejaculation are 
not successful, MESA or TESE may be suitable to retrieve spermatozoa for ICSI. 



Cryopreservation of Human Spermatozoa and ART 

In 1973 Steinberger and Smith [316] reported similar conception rates after 
cryopreservation and insemination using ejaculates of very good quality (61%) 
or fresh semen samples (73%). However, the majority of ejaculates were stored 
for only less than 6 months. Insemination with frozen/thawed spermatozoa 
required 5.3 cycles for pregnancy to occur, whereas fresh spermatozoa induced 
pregnancies after 4.4 cycles. Minimal criteria for cryopreservation were de- 
veloped before the new methods of assisted reproduction became available 
(e.g., progressive motility > 10%, > 15 x 10^ spermatozoa/ml after thawing) 
[180]. Since only one living spermatozoon is necessary for ICSI, such cutoff 
values are no longer useful. 

Two major indications for human sperm cryopreservation are: (a) lUI with 
donor semen [311] and (b) fertility insurance before surgery, radiation, or 
chemotherapy. In the age of AIDS, artificial donor insemination is re- 
commended with cryopreserved semen after exclusion of HIV infection in the 
donor [305]. Cryopreservation does not necessarily destroy microorganisms 
present in the semen. Streptococcus, Neisseria gonorrhoeae. Chlamydia, myco- 
plasms, HIV, cytomegalovirus, hepatitis B virus. Trichomonas vaginalis, herpes 
simplex virus, and Treponema pallidum may survive freezing and thawing. 
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“Fertility insurance” is an important indication for sperm cryopreservation. 
However, various studies have shown that only few patients want to use their 
ejaculates for later inseminations [156, 171, 180, 185]. Since modern ART were 
introduced in reproductive medicine, cryopreserved semen has been success- 
fully used for IVF [99, 214, 282] and GIFT [16]. A new indication for cryo- 
preservation is the storage of epididymal or testicular spermatozoa until they 
are used for ICSI [236, 278]. The fertilization rates after ICSI with fresh or 
frozen/thawed epididymal spermatozoa are comparable (56%) [236]. Epidi- 
dymal sperm cryopreservation is advantageous in that epididymal surgery and 
ICSI can be planned independently. In addition, cryopreserved spermatozoa 
may be used for further ICSI without second or third scrotal surgery [90]. The 
quality of microsurgically aspirated and cryopreserved spermatozoa can be 
improved by pentoxifylline [48]. 



Microsurgical Epididymal Sperm Aspiration, Testicular Sperm Extraction 

Microsurgical Epididymal Sperm Aspiration 

Nonobstructive azoospermia is classified into reparable and irreparable dis- 
orders. Obstructive azoospermia may be treated by surgical procedures of the 
epididymis, vas deferens, or ejaculatory duct [265, 347]. Partial epididymal and 
vasal obstruction in association with severe oligozoospermia has been cor- 
rected microsurgically [139]. Since ICSI was established as a new ART, an 
alternative therapeutic approach is available for men presenting with azoos- 
permia. 

MESA has replaced the alloplastic spermatocele in cases of surgically un- 
treatable azoospermia. Obstructive azoospermia may be caused by congenital 
or acquired reproductive tract occlusion [117]. CBAVD, which occurs in 1%- 
2% of infertile men [165], represents a mild form of cystic fibrosis [17]. The 
vasa deferentia are also absent in almost all patients with cystic fibrosis. 
Therefore, the medical history (respiratory infections, known cystic fibrosis) 
and physical examination (impalpable scrotal vasa deferentia, corpus/cauda 
epididymidis) are important in all cases of azoospermia. However, obstructive 
azoospermia in combination with chronic suppurating respiratory disease may 
also be caused by Young’s syndrome, which is not related to cystic fibrosis 
[199]. 

CBAVD is often associated with morphological abnormalities of the seminal 
vesicles [244], which can be detected by transrectal ultrasound. While testicular 
size and function and caput epididymidis are usually normal, corpus or cauda 
epididymidis may be missing. Since patients with CBAVD but without clinical 
signs of cystic fibrosis may transmit cystic fibrosis mutations, genetic screening 
of both partners is mandatory before MESA and ICSI. The incidence of cystic 
fibrosis is 1:1.600 in the general population, with a carrier frequency of 1:25 
[244]. More than 300 mutations of the cystic fibrosis gene are known. The most 
frequent mutation is AF508, which is found on 70% of cystic fibrosis chro- 
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mosomes. Screening for 12 mutations in the cystic fibrosis transmembrane 
regulator gene {CFTR)y Patrizio et al. [259] found 64% of 63 patients positive. A 
higher incidence (77%) was reported by Le Lannou et al. [199]. If the common 
mutations are not present in the patient’s spouse, and no cases of cystic fibrosis 
are reported in her family history, the cystic fibrosis carrier risk is reduced to 
0.4% [244]. 

Patients with congenital unilateral absence of the vas deferens represent a 
clinically, anatomically, and genetically heterogeneous group. If the con- 
tralateral vas deferens is anatomically intact and patent, cystic fibrosis muta- 
tions are not found, whereas occlusions are associated with mutations [225]. 

Spermatozoa can be obtained by MESA or TESE from patients with CBAVD. 
Patrizio et al. [259] reported significantly lower fertilization and pregnancy 
rates after IVF with spermatozoa from men carrying the AF508 mutation; in 
contrast, men with CBAVD and no or other mutations achieved better IVF 
outcomes. However, these differences were not observed after IVF procedures 
in combination with micromanipulations (partial zona dissection, subzonal 
sperm injection, ICSI) [295]. The IVF outcome is related to the length of the 
epididymis in men with CBAVD. Patients with an epididymal length greater 
than 4.0 cm show the highest fertilization and pregnancy rates [260]. Generally 
ICSI should be preferred in cases of CBAVD because fertilization and preg- 
nancy rates per cycle are significantly higher than after IVF [149, 309]. 

Several modified epididymal sperm retrieval techniques have been demon- 
strated. It is still a matter of discussion whether percutaneous epididymal sperm 
aspiration (PESA) is an equivalent method. In 20% of cases, Tsirigotis and Craft 
[331] failed to obtain spermatozoa. Most microsurgeons do not accept this 
method for fear of uncontrollable damage to the epididymal duct system. 
Moreover, MESA in combination with ICSI is superior to percutaneous as- 
piration procedures because of higher pregnancy rates, availablity of sperma- 
tozoa for cryopreservation, lower frequency of blood contamination, lower risk 
of tissue damage, and higher numbers and better quality of spermatozoa [117]. 

Yamamoto et al. [361] collected epididymal spermatozoa by micropuncture 
after stimulation of the spermatic nerve. Spermatozoa were obtained in all 15 
patients included in this study. Three pregnancies after partial zona dissection 
or SUZI were achieved. Kim and Han [176] detached epididymides surgically 
and extracted spermatozoa after mechanical dissection of epididymal tissue in 
IVF medium. 



Testicular Sperm Extraction 

The development of TESE has also changed the diagnostic procedure in an- 
drology. Testicular biopsies are now performed for both diagnostic and ther- 
apeutic reasons because testicular spermatozoa are known to achieve 
fertilization after ICSI. TESE is suitable for patients suffering from CBAVD or 
irreparable obstructive azoospermia [88, 297]. In these cases fertilization and 
pregnancy rates after ICSI with testicular spermatozoa are similar to those 
obtained with epididymal or ejaculated sperm cells [115, 310]. Single semi- 
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niferous tubules with intact spermatogenesis may also be present in damaged 
testes [116, 366]; therefore, elevated follicle-stimulating hormone (FSH) levels 
or reduced testicular size are no longer contraindications for testicular biop- 
sies. More than one biopsy may be necessary to find spermatozoa in cases of 
testicular failure [89]. In addition to the histological evaluation, a TESE test 
should be performed to determine whether spermatozoa from native or 
cryopreserved testicular tissue can be extracted. Various techniques have been 
developed for this purpose. Separation methods such as Percoll centrifugation 
are not practicable because of increased sperm loss [339]. The presence of 
motile spermatozoa may indicate genital tract obstruction [169]. 

Similarly to MESA, the retrieval of testicular spermatozoa has also been 
modified. Bourne et al. [44] reported two pregnancies in two couples after ICSI 
with living spermatozoa obtained by fine needle biopsy of the testis. The men 
suffered from obstructive azoospermia. Hovatta et al. [159] confirmed the 
effectiveness of testicular needle biopsy in cases of obstructive azoospermia in 
a larger group of patients. However, it should be noted that in 3 of 17 patients 
no spermatozoa were found in the needle biopsy specimens, while they were 
present in the open biopsy samples. The recovery rate of spermatozoa may be 
better after more than one biopsy by fine needle aspiration [120]. Using per- 
cutaneous testicular sperm aspiration. Craft and Tsirigotis [74] retrieved 
spermatozoa from patients with nonobstructive azoospermia. 

Similarly to percutaneous puncture of the epididymis, needle biopsy or 
aspirations of the testis are not generally accepted because they may damage 
testicular tissue and usually do not provide enough material for cryopre- 
servation [117]. 

Medical Therapy 

Despite considerable basic research effort the therapeutic possibilities for 
improving impaired male fertility are still limited [293]. This is due partly to 
the fact that the cause of reduced fertility is unknown in most cases, and 
consequently no specific therapy is available. Another major problem concerns 
the objective assessment of the treatment response. Severd factors such as 
biological variations of semen parameters and the effect of endogenous or 
exogenous factors contribute to make this a difficult task. Nevertheless, med- 
ical therapy may be more appropriate than ART; it may also improve semen 
quality and the outcome of ART. A variety of therapeutic approaches have been 
developed to modify sperm functions in vitro [240]. 

Adjuvant male therapy during IVF procedures has been suggested by Acosta 
et al. [4], Abdelmassih et al. [1] and Comhaire et al. [71]. For example, ad- 
ministration of exogenous testosterone or systemic treatment with FSH may 
improve the fertilizing capacity of spermatozoa. Increased fertilization rates 
after IVF were observed following treatment of the male partner with FSH 
(150 U three times a week for 3 months). Interestingly, endocrine profiles or 
semen quality did not change during treatment [4]. Concomitant therapy of the 
male by recombinant FSH has also been suggested [23]. 
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Approaches to andrological therapy at different levels include stimulation of 
spermatogenesis, improvement of epididymal function or sperm transport 
within the male genital tract, and stimulation of sperm metabolism. All agents 
for improvement of spermatogenesis must be administered for at least 3 
months before a significant increase in sperm count can be expected. Empirical 
administration of drugs may be discussed in individual cases. It is known that 
even a placebo is effective in some patients, leading to improved semen 
parameters and/or pregnancy [22]. 

For a therapy to be considered successful the increase in sperm count 
should be greater than 50%. So far no clinical studies have fulfilled this con- 
dition [184]. There is only one exception: a “y^s” or “no” response is expected 
during substitution therapy in case of azoospermia caused by hormonal in- 
sufficiency. 

In the medical therapy of male fertility disturbances, specific and empirical 
treatment procedures have to be distinguished. Specific treatment is based on a 
pathophysiological concept and entails accurate patient selection; the thera- 
peutic success is predictable. In contrast, empirical treatment involves no 
patient selection according to specific criteria, and the results are not pre- 
dictable. 

Causal therapy in andrology includes the treatment of sperm transport 
disturbances, endocrine insufficiency, male adnexitis, and sperm auto-anti- 
bodies [291]. 

Fertility disorders due to hypogonadotropic hypogonadism are rarely ob- 
served by andrologists. In these cases fertility may be restored by pulsatile 
administration of GnRH [86, 296] or treatment with gonadotropins [276]. 
Approximately 50 ng GnRH per kilogram body weight is given subcutaneously 
in a pulsatile manner every 90 min. Kliesch et al. [178] found no differences in 
the efficacy of gonadotropin or GnRH treatment of men presenting with 
hypogonadotropic hypogonadism. However, pulsatile GnRH administration 
does not improve semen parameters in patients with idiopathic normogona- 
do tropic oligozoospermia [77]. 

Substitution therapy with human gonadotropins is particularly successful in 
patients after hypophysectomy: initially 2500 U hCG intramuscularly twice 
weekly for 4-6 weeks, thereafter in combination with 75-150 U HMG in- 
tramuscularly two or three times a week for 3-24 months [291]. Therapy with 
HCG is also recommended for patients with sustaining Leydig cell dysfunction 
after varicocelectomy [359]. 

For treatment of hyperprolactinemia, which may induce oligozoospermia 
but is extremely rarely observed, oral administration of bromocriptine, 2.5- 
10 mg per day, is recommended [299]. Blocking of the conversion of testos- 
terone to estradiol by testosterone aromatase inhibitors (testolactone) has been 
found to improve hormonally estrogen-suppressed spermatogenesis [286]. 
However, the results are controversial [62, 298]. In the case of Leydig cell 
insufficiency, either HCG or more appropriately testosterone can be supple- 
mented. Since absorption problems may occur, intramuscular injection of 
testosterone esters is widely accepted (e.g., 250 mg testosterone enanthate in- 
tramuscularly every 3 weeks). 
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The administration of antiestrogens such as tamoxifen at 20 mg per day for 
6-9 months is an empirical form of therapy [67, 183]. The rationale is an 
indirect stimulation of the secretion of FSH and LH by blocking estrogen and 
testosterone receptors in the hypothalamus, which results in an increased re- 
lease of GnRH. A direct effect of tamoxifen on spermatogenesis by interfering 
with testicular estrogen receptors has also been discussed [285]. However, the 
available data do not confirm the therapeutic usefulness of tamoxifen [275]. 

Akin [15] reported the successful conversion from azoospermia to crypto- 
zoospermia after treatment with clomiphene citrate in a patient with in- 
complete androgen resistance. He suggested that medical treatment may be 
helpful in combination with micromanipulaton techniques in such cases. 

Another empirical therapy is the administration of 120-240 mg testosterone 
undecanoate or 75 mg mesterolone per day to improve testicular and epidi- 
dymal function [69, 357]. Abdelmassih et al. [1] reported improved fertilization 
rates in an IVF program after the male partners had been treated with tes- 
tosterone undecanoate. However, these results were not confirmed in a double- 
blind prospective study [71]. 

Antibiotics are used for the treatment of male adnexitis - as monotherapy of 
prostatitis according to sensitivity tests for a period of 2-3 weeks or in com- 
bination with antiphlogistic drugs in inflammatory epididymal diseases [130, 
346]. Nonsteroidal antiphlogistic therapy is recommended for inflammatory 
epididymal diseases to prevent local occlusions or the induction of local 
autoimmune phenomena. Furthermore, antiphlogistic therapy is indicated in 
patients with inflammatory testicular damage. The antiphlogistic drugs diclo- 
fenac, indometacin, and aspirin are used for 3-6 weeks. 

Immunmosuppressive treatment with corticosteroids at medium dosage is 
the therapy of choice in low-grade autoimmune orchitis, as determined by 
histological examination of tissue specimens [151]. For treating antisperm 
antibodies the short-term administration of high doses of methylprednisolone 
is recommended (96 mg/day for 7 days, 3 weeks prior to the calculated date of 
ovulation) [302, 306]. However, other authors have questioned the effective- 
ness of steroids in the presence of antisperm antibodies. In recent years IVF 
and ICSI have been recommended [146, 238]. 

There are several approaches to a therapeutic concept acting at the testicular 
level. For example, administration of the pancreatic proteinase kallikrein has 
been used for a decade in patients with oligozoospermia and asthenozoo- 
spermia. However, multicenter randomized double-blind studies were not 
available to confirm the efficacy of this drug [118, 172]. 

Inactivation by kininase inhibitors such as captopril might also improve 
semen parameters. A randomized prospective double-blind study using cap- 
topril in subfertile patients showed a significant increase in sperm count but no 
improvement of conception rates [292]. 

Another approach is the use of mast cell blockers such as ketotifen, since an 
increased number of peritubular and interstitial mast cells are observed in 
testicular biopsies from oligozoospermic men [33]. Inhibition of mast cell 
release in certain patients may improve the blood-testis barrier and lead to 
improved semen parameters [284]. So far, only one placebo-controlled single 
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blind clinical study has been performed. Yamamoto et al. [360] used the mast 
cell blocker tranilast for treatment of 50 men with sperm concentrations less 
than 5 x 10^/ml and observed significantly improved pregnancy rates and se- 
men quality after 3 months. 

In vitro investigations and clinical studies have shown that pentoxifylline, a 
methylxanthine derivative, may increase the motility or number of sperma- 
tozoa [283]. It is suggested that pentoxifylline interferes with the metabolism of 
cyclic adenosine monophosphate (cAMP) by inhibiting phosphodiesterase and 
increasing the cAMP level in spermatozoa [200]. Recommended doses of 
pentoxifylline are 400-600 mg orally three times daily for 3-6 months. Double- 
blind studies are still lacking. 

Treatment of male fertility disorders with the antioxidant tocopherol in 
combination with vitamin C is now again being discussed [81]. It is known that 
spermatozoa may be damaged by peroxidation of endogenous phospholipids, 
which results in decreased motility due to membrane alterations. The pro- 
tective effect of antioxidants on human spermatozoa has been demonstrated in 
vitro [24]. In a double-blind randomized placebo cross-over controlled study 
the daily administration of 600 mg vitamin E caused improved binding of 
spermatozoa to the zona pellucida [175]. 

Relative zinc deficiency may be detrimental to the maturation and motility 
of spermatozoa and is thought to stimulate immunity in an unknown way 
[314]. Zinc may be administered in cases of strong exfoliation of immature 
cells of spermatogenesis; the cytoplasm of the exfoliated cells is abundant in 
zinc, which is normally reabsorbed intratesticularly but is lost by exfoliation 
[192]. Furthermore, zinc is indicated for treatment of secretory dysfunction of 
the prostate and vesicular glands; it is administered as zinc asparate (50 mg 
twice daily for 3-6 months). 

Kynaston et al. [193] observed significantly improved sperm motility in 33 
patients with idiopathic asthenozoospermia and/or oligozoospermia after ad- 
ministration of 220 mg zinc sulfate twice daily for 3 months. However, double- 
blind studies are lacking to support this concept. 

New therapeutic approaches in the treatment of male infertility in associa- 
tion with severe oligozoospermia include interferon-a. Yamamoto and Miyake 
[358] found significantly increased sperm concentrations and motility in one 
azoospermic man and three patients with sperm concentrations of 0.1 x 
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